





























































aims	 to	 characterise	 changes	 in	 the	 solid	 phase	 distribution	 and	 bioaccessibility	 of	 PHEs	
before,	during	and	after	drying	to	provide	new	knowledge	of	PHE	mobility	in	catchments.		
Soils	 were	 collected	 from	 a	 UK	 catchment	 with	 a	 history	 of	 lead	 and	 zinc	 mining	 and	
characterised	in	terms	of	pseudo-total	PHE	content,	the	bioaccessible	content	of	PHEs	and	
their	 solid	 phase	 distribution.	 Laboratory	 inundation	 studies	 using	 microcosms	 were	
conducted	to	understand	PHE	behaviour	during	controlled	wetting	and	drying	episodes.	The	
results	demonstrated	that	flooding	resulted	in	the	mobilisation	of	the	PHEs	into	porewaters.	
However,	 the	 pattern	 of	 mobility	 was	 shown	 to	 vary	 for	 different	 PHEs.	 Bioaccessibility	
testing	after	each	wet	and	dry	cycle	determined	the	changes	in	PHE	availability	to	humans	
and	highlighted	an	increase	in	the	bioaccessible	fraction	of	PHEs	in	this	study	in	the	region	of	
5-10	 %.	 The	 solid	 phase	 distribution	 of	 PHEs	 during	 wetting	 and	 drying	 cycles	 was	 then	
determined	using	sequential	extractions	and	a	self-modelling	mixture	resolution	algorithm	
to	help	explain	the	earlier	findings	on	PHE	availability.	Broad	scale	changes	in	the	solid	phase	




catchment	 was	 investigated.	 Microcosm	 experiments	 were	 conducted	 to	 quantity	 the	
flooding	 induced	 changes	 in	 bioaccessibility.	 This	 was	 followed	 by	 a	 combination	 of	















asking	 of	 “why?”	 and	 David’s	 frequent	 (and	 probably	 needed)	 kicks	 up	 the	 backside	
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fluids	 and	 available	 for	 uptake	 across	 the	 gastrointestinal	
wall.	
Bioavailability	 The	 fraction	 of	 a	 bioaccessible	 element	 that	 crosses	 the	
gastrointestinal	wall	into	the	blood	stream.		
Brownfield	 	 	 Land	that	has	previously	been	used	for	industrial	purposes.	
Component	 An	output	of	the	SMMR.	A	component	 is	a	fraction	of	the	
soil	with	a	distinct	chemical	signature/composition.	





quality	 parameters	 or	 physical	 properties	 to	 analytical	
instrument	data.	
Clustering	 A	 technique	 for	 classifying	 objects	 into	 groups	 based	 on	
their	properties.	
Hazard	 A	 source	 of	 potential	 damage,	 harm	 or	 adverse	 health	
effects	on	something	or	someone.	








Risk	 The	 likelihood	 that	 a	 person,	 organism	 or	 entity	 may	 be	




















masses	 such	 as	 the	 UK	 (Intergovernmental	 Panel	 on	 Climate	 Change,	 2018).	 Periods	 of	
summer	droughts	have	also	been	predicted	to	increase.	Analysis	of	UK	weather	patterns	over	
the	 last	40	years	has	shown	a	change	 from	short	 to	 longer	duration	summer	rain	events,	
increasing	the	risk	of	flood	events	(Jones	et	al.,	2013).	Additionally,	the	intensity	and	number	




Predicting	 future	 climate	 change	 scenarios	 and,	 in	 the	 case	 of	 this	 thesis,	 the	 impact	 of	
extended	flooding	events	is	therefore	important	for	adaptation	purposes	and	climate	change	
resilience.	 The	Adaptation	 Sub-Committee	 of	 the	 Committee	 on	 Climate	 Change’s	 report	
(Adaptation	Sub-Committee,	2011)	assessed	 the	UK’s	 vulnerability	 to	 climate	 change	and	
concluded	that	it	was	increasing.	The	reasons	given	include	development	on	floodplains;	this	
has	increased	considerably	in	the	last	10	years.	Floodplain	development	for	residential	and	
industrial	 uses	 increases	 the	 probability	 of	 a	 source	 -	 pathway	 -	 receptor	 linkage	 for	
potentially	harmful	elements	(PHEs)	due	to	increasing	human	interaction	with	unsealed	soils	
in	these	floodplain	areas.	It	has	been	estimated	that	there	are	62,000	hectares	of	brownfield	
sites	 within	 England	 alone.	 Increased	 morbidity	 in	 people	 living	 in	 close	 proximity	 to	
brownfield	sites	has	been	shown	to	occur	due	to	the	presence	of	elevated	levels	of	metals,	




people	are	exposed	 to	especially	 if	 these	concentrations	exceed	guideline	values	 for	 soils	
(section	 1.4).	 The	main	 pathways	 of	 exposure	 are	 through	 dermal	 contact,	 inhalation	 or	
ingestion	 of	 PHE	 enriched	material.	 Ingestion	 can	 arise	 both	 from	direct	 consumption	 of	
material	or	from	the	consumption	of	vegetables	and	other	plant	material	with	soil	attached,	
or	 from	 PHE	 enriched	 foodstuffs.	 Additionally,	 hand	 to	 mouth	 transport	 is	 particularly	






and	are	more	 likely	 to	occur	when	bare	patches	of	 ground	are	present	 (Breshears	et	al.,	
2012).	The	predicted	increases	in	drought	periods	during	summer	months	could	lead	to	an	












This	 chapter	 will	 firstly	 outline	 the	 physical	 movement	 of	 soil	 bound	 PHEs	 to	 show	 the	
potential	for	floodplains	to	provide	both	a	sink	for,	and	subsequent	source	of,	contamination.	









lead	 (Pb),	 cadmium	 (Cd),	 copper	 (Cu)	 and	 zinc	 (Zn)	 because	 of	 their	 ubiquity	 as	 soil	
contaminants,	 and	 their	 toxicity	 to	 humans	 and	 the	 wildlife	 when	 present	 in	 elevated	
concentrations.		
1.2	UK	future	climate	change	scenarios	and	hydrological	regimes	
The	 UK	 Climate	 Projections	 2009	 (UKCP09)	 are	 probabilistic	 model	 outputs	 based	 on	
thousands	of	different	 input	scenarios	 (Kay	and	Jones,	2012).	Charlton	and	Anwell	 (2014)	




(Jenkins	 et	 al.,	 2009).	 Southern	 England	 is	 predicted	 to	 experience	 prolonged	 periods	 of	
drought	 with	 summer	 precipitation	 reducing	 by	 65	 %	 in	 some	 areas.	 Although	 annual	
precipitation	 levels	 show	 little	 change,	 the	 predicted	 increase	 in	 extreme	 precipitation	
events	 is	 likely	to	lead	to	increases	in	surface	water	flooding	(Charlton	and	Anwell,	2009).	
This	may	 have	 implications	 for	 PHE	mobilisation,	 as	 outlined	 in	 section	 1.5.	 The	 recently	
























approaches	 yield	 different	 results,	 the	 Bell	 et	 al.,	 (2012)	 study	 is	 in	 line	 with	 estimated	
changes	suggested	by	the	Environment	Agency	(Environment	Agency,	2011).	In	addition	to	











et	 al.,	 2012).	 Modelling	 of	 sediment	 transport	 in	 the	 River	 Swale,	 using	 the	 Cellular	







system	 dissolved	 in	 the	 water	 column	 or	 associated	 with	 its	 suspended	material.	 Major	
sources	of	PHEs	 into	UK	soils	 include	atmospheric	deposition,	 runoff	 from	sewage	sludge	
application,	 livestock	 manures,	 inorganic	 fertilisers,	 industrial	 wastes	 and	 mining	 wastes	





of	 PHEs	 within	 these	 sediments	 is	 of	 interest	 regarding	 exposure	 to	 receptors	 such	 as	
freshwater	flora	and	fauna	within	the	river.	Potential	receptors	are	extended	to	humans	and	
if	 PHE	 enriched	 sediments	 are	 deposited	 onto	 floodplains.	 This	 thesis	 mainly	 considers	
human	receptors;	however	some	comparisons	are	made	to	water	quality	values	that	are	of	
relevance	to	biota.		
Flood	 events	 can	 physically	move	 large	 quantities	 of	 sediment	 within	 the	 water	 column	
through	 a	 catchment	 (Dennis	 et	 al.,	 2003)	 so	 PHEs	 can	 be	 deposited	 and	 consequently	
accumulate	within	floodplain	soils	and	sediments	when	flow	rates	are	reduced	(Frohne	et	
al.,	 2011).	 As	 a	 result,	 floodplains	 themselves	 can	 become	 a	 secondary	 source	 of	
contaminants	as	well	as	a	sink	(Zhao	and	Marriott,	2013).	Subsequent	chemical	mobilisation	
of	 PHEs	 induced	 by	 changes	 in	 pH	 and	 redox	 potential	 (Eh)	 may	 provide	 a	 pathway	 to	
receptors	 through	 the	 increased	 availability	 for	 uptake	 into	 plant	 and	 animal	 tissues.	
Additionally,	PHEs	can	be	released	chemically	into	overlying	water	columns	during	flooding,	
































exposure	 leading	to	 increased	risk	of	organ,	skin	and	 lung	cancer	(Kapaj	et	al.,	2006).	The	
majority	of	As	is	absorbed	through	the	intestine	via	the	ingestion	pathway	(Ratnaike,	2003),	
although	inhalation	of	dust	can	also	be	a	prominent	pathway,	especially	in	arid	environments	















Cadmium	 occurs	 naturally	 in	 soils	 as	 a	 result	 of	 geological	 weathering,	 mainly	 from	
sedimentary	rocks.	It	 is	often	associated	with	zinc	(Zn)	bearing	ores	(Environment	Agency,	
2009).	Its	ubiquity	within	the	environment	arises	from	anthropogenic	sources,	particularly	
phosphate	 fertilisers	which	 on	 average	 contain	 around	 79	mg	 kg-1	 of	 Cd	 (Alloway,	 1995;	
Environment	Agency,	2009).	Other	sources	include:	metalliferous	mining,	zinc	ore	smelting	
and	application	of	sewage	sludge	to	agricultural	areas	(Thomson	and	Bannigan,	2008).		







garden	 vegetables	 such	 as	 lettuces,	 spinach	 and	 cabbages	 can	 bio-accumulate	 higher	
concentrations	of	Cd	than	potatoes	and	peas	(Alloway,	1995).	Cd	is	not	an	essential	element	
and	is	therefore	toxic	in	low	concentrations	to	plants	and	animals.	In	plants,	phytotoxicity	is	
induced	at	 concentrations	between	5-20	mg	kg-1	 and	 is	often	expressed	by	 chlorosis	 and	
stunted	growth	(Environment	Agency,	2007;	Samantaray	and	Rout,	1997).	
Cadmium	 uptake	 in	 humans	 can	 result	 in	 deleterious	 effects	 on	 the	 kidneys,	 liver	 and	

























and	 kidneys	 should	 enough	 be	 consumed	 (Sharma	 et	 al.,	 2009).	 Information	 on	 the	
concentrations	 of	 Cu	 required	 by	 the	 ingestion	 exposure	 route	 to	 induce	 adverse	 health	
effects	 is	 scarce;	 although	Muller-Hocker	 et	 al.,	 (1993)	 reported	 that	 infants	 consuming	
water	containing	2-3mg	L-1	experienced	liver	damage.			








from	 anthropogenic	 activities	 include:	 combustion	 of	 leaded	 petrol,	 fertiliser	 application,	
sewage	sludge	application,	Pb	piping,	paint	particles	and	manufacture,	mining	and	industrial	








The	 solubility	 and	mobility	 of	 Pb	 greatly	 depends	 upon	 its	 chemical	 form	 in	 the	 soil.	 For	
example,	compounds	such	as	Pb	acetates	and	Pb	chlorides	are	relatively	soluble	whereas	
metallic	Pb	and	Pb	phosphate	are	 insoluble	 in	 soils	 (Canadian	Council	of	Ministers	of	 the	
Environment,	1999).	Anaerobic	conditions	such	as	prolonged	waterlogging	or	inundation	can	
lead	to	the	formation	of	insoluble	and	unreactive	PbS.	pH	is	a	dominant	factor	affecting	Pb	






Pierzynski,	 2004).	 Furthermore,	 children	 are	 at	 a	 higher	 risk	 from	 Pb	 exposure	 as	 they	
generally	have	a	higher	sensitivity	to	Pb	than	adults	(Entwistle	et	al.,	2019).	Levels	of	50-80	
µg	dL-1	will	induce	symptoms	such	as	joint	pain,	tiredness	and	gastrointestinal	symptoms	in	
adults	 (Canadian	 Council	 of	 Ministers	 of	 the	 Environment,	 1999).	 Lead	 exposure	 is	 also	
known	to	negatively	impact	cognitive	functions,	particularly	in	children.	Studies	have	shown	
that	 performance	 at	 school	 was	 reduced	 at	 blood	 lead	 concentrations	 of	 ≤	 50	 µg	 dL-1	
(Skerfving	et	al.,	2015).		
1.3.5	Zinc		
Zinc	 (Zn)	 is	 a	 transition	 metal	 with	 5	 stable	 isotopes	 and	 approximately	 30	 short	 lived	
radioisotopes	 (Broadley	 et	 al.,	 2007)	 and	 it	 is	 essential	 for	 human	 and	 animal	 life.	 It	
commonly	exists	in	a	2+	oxidation	state,	is	classed	as	redox-	stable	and	can	form	numerous	
soluble	 salts	 and	 compounds.	 It	 enters	 the	 soil	 mainly	 through	 geological	 weathering	 of	
parent	 material	 and	 is	 abundant	 in	 the	 lithosphere,	 particularly	 in	 sedimentary	 rocks.	












in	 Zn	 in	 humans	 can	 lead	 to	 impaired	 growth	 and	 Pneumonia	 (Hambidge,	 2000),	 while	

















































































and	 Europe.	 Floodplains	 within	 ore	 field	 catchments	 can	 contain	 metal	 rich	 alluvium	
originating	 from	spoil	 tips	and	contain	elements	 such	as	Pb,	Zn,	Cd	and	Cu	 (Foulds	et	al.,	
2014)	at	levels	that	can	often	exceed	soil	GACs	(Gozzard	et	al.,	2011,	Section	1.4).	Elevated	
PHE	 concentrations	 may	 cause	 negative	 health	 effects	 for	 receptors	 exposed	 to	 such	
sediments	as	well	as	implications	for	meeting	European	Union	(EU)	wide	targets	such	as	the	
















The	 study	 by	 Foulds	 et	 al.,	 (2014)	 conveys	 the	 wider	 implications	 for	 physical	 PHE	
remobilisation	in	relation	to	PHE	exposure	and	highlights	a	river’s	effectiveness	at	dispersing	









the	magnitude	and	 intensity	of	 flooding	events	the	 identification	of	contaminant	sources,	




contaminant	 levels	 in	grazing	 land	 in	 industrial	 catchments	 (Lake	et	al.,	 2014;	 Lake	et	al.,	
2015).	Lake	et	al.,	(2015)	used	paired	farms	to	assess	soil,	grass	and	animal	product	levels	of	
dioxins	and	polychlorinated	biphenyls	 (PCBs)	and	 found	concentrations	 to	be	significantly	




When	 determining	 the	 fate	 of	 (re-)mobilised	 contaminants	 it	 is	 important	 to	 understand	
floodplain	 sediment	 dynamics.	 Greenwood	 et	 al.,	 (2013)	 investigated	 sediment	
remobilisation	over	a	 series	of	 inundation	events	using	 labelling	 techniques	with	artificial	
radioisotopes:	 caesium-134	 (t½	 =	 2.06	 years)	 and	 cobalt-60	 (t½	 =	 5.26	 years).	 Three	
consecutive	 inundation	 events	 were	 studied,	 and	 significant	 amounts	 of	 sediment	 were	
removed	during	the	first	two	flooding	events:	63.8	%	and	11.9	%	respectively.	No	significant	






enriched	 sediment	 (e.g.	Coulthard	and	Macklin,	2003;	 Singer	et	al.,	2013;	Kinouchi	et	al.,	
2015).	 It	 has	 been	 reported	 that	 up	 to	 90	%	of	 PHEs	 are	 transported	 from	a	 source	 in	 a	






















solubility	and	mobilisation	potential.	 The	 fractions	within	 soil	 and	 sediments	have	mainly	


























A	 high	 ORP	 results	 in	 oxidising	 conditions	 and	 low	 ORP	 promotes	 reducing	 conditions.	
Changes	 in	 pH	 and	 redox	 potential	 can	 significantly	 alter	 the	 speciation	 and	 solubility	 of	
metals,	 therefore	 affecting	 their	 potential	 availability	 and	 mobility	 (Charlatchka	 and	




and	Figure	1.4.	The	 reduction	of	 sulphate	produces	 sulphides,	which	can	precipitate	with	





Fe-Mn	 (hydr)oxides,	 shown	 in	 equations	 1	 and	 2,	 are	 amorphous	 or	 microcrystalline	
substances	with	a	high	affinity	for	metal	sorption.	Dry	soils	that	are	then	subjected	to	sudden	
rewetting	 demonstrate	 high	 levels	 of	 metal	 release	 into	 overlying	 and	 porewater.	 For	
example,	 under	 reducing	 conditions,	 Fe(III)	 is	 reduced	 to	 Fe(II)	 and	 Mn(III/V)	 to	 Mn(II)	
resulting	in	the	mobilisation	of	associated	PHEs.	This	process	happens	at	about	+200	mV	in	
acidic	 and	 neutral	 soils	 but	 considerably	 lower	 ORP	 values	 for	 alkaline	 soils	 (Bissen	 and	














during	 inundation.	 Complexation	 of	 PHEs	 with	 dissolved	 organic	matter	 (DOM)	 resulting	
from	SOM	degradation	can	result	in	increased	PHE	mobilisation	and	availability	for	uptake	
by	plants (Grybos	et	al.,	2007;	McCauley	et	al.,	2009;	Zheng	et	al.,	2011).	For	example,	SOM	
can	 also	 influence	 As	 mobility	 by	 facilitating	 reduction	 and	 oxidation	 reactions	 in	 soil	
(Redman	et	al.,	2002;	Dobran	et	al.,	2006).	SOM	 is	 reported	 to	be	competitive	with	both	
As(V)	and	As(III)	with	binding	sites	on	Fe-oxides	such	as	hematite	(Redman	et	al.,	2002),	and	










et	 al.,	 1998). Stable	 conditions	 of	 ORP	 over	 time	 can	 promote	 mineral	 aging	 and	 the	
immobilisation	of	metals	and	metalloids	but	repeated	wetting	and	drying	of	sediments	may	
prevent	 this,	 resulting	 in	 the	 increased	 availability	within	 floodplain	 soils	 and	 sediments.	
Understanding	the	effects	of	these	redox-transitional	zones	that	form	on	river	floodplains	as	









































Copper	 Organic	matter	 Complexion	 with	
DOC	












































chemical	mobilisation.	Additionally,	 flood	waters	can	 increase	the	 levels	of	DOC;	which	 in	
turn	 can	 promote	 microbial	 activity	 (Lynch	 et	 al.,	 2014).	 Given	 that	 climate	 change	 is	
predicted	 to	 affect	 microbial	 activity	 through	 changes	 in	 temperature	 and	 precipitation	










combined	 with	 optimal	 temperature	 and	 SOM	will	 result	 in	 a	 lowering	 of	 Eh	 promoting	




on	 porewater	 PHE	 content.	 PHE	 content	 was	 found	 to	 vary	 significantly	 with	 moisture	
regime.	Mn	 and	 Fe	 concentrations	 increased	 in	 porewater	 during	 periods	 of	 inundation;	
which	highlights	reductive	dissolution	of	these	oxides	with	Mn	oxides	in	particular	reflecting	
the	hydrological	 regimes.	 Cd	 concentrations	 rise	 initially	 and	 then	decrease	 steadily	 over	
time	 with	 permanent	 inundation.	 This	 is	 likely	 to	 be	 attributed	 to	 its	 combination	 with	
sulphides,	resulting	in	the	immobilisation	of	Cd.	Cyclic	wetting	episodes	followed	by	drying	







This	 release	 during	 drying	 periods	may	 be	 attributed	 to	 the	 oxidisation	 of	 sulphides	 and	
subsequent	release	of	PHEs.	With	respect	to	Cr	and	Zn,	short	periods	of	inundation	(around	
2	days)	followed	by	longer	periods	of	drying	are	likely	to	result	in	increases	in	their	mobility.	





Flooding	 induced	 PHE	 (re-)mobilisation	 has	 been	 reported	 to	 pose	 toxicological	 risks	 to	
aquatic	organisms	occupying	the	water	column	when	they	are	taken	up	in	to	the	body	(Wolz	
et	 al.,	 2009).	 Bioavailability	 is	 the	 proportion	 of	 any	 particular	 PHE	 that	 crosses	 the	





oxides	and	 redox	potential	 (Wong,	2003).	pH	 is	deemed	 to	be	 the	most	 important	 factor	





et	 al.,	 2009).	 For	 example,	 the	 addition	 of	 chelating	 agents	 to	 soils	 has	 been	 shown	 to	
increase	the	uptake	of	Pb	by	plants	(Blaylock	et	al.,	1997).	Phytoavailability	is	also	element	


















released	 into	 the	 overlying	 water	 column.	 However,	 prolonged	 periods	 of	 flooding	 over	
several	weeks	reduced	the	availability	of	certain	PHEs	due	to	reducing	conditions.	This	work	
did	not	consider	the	subsequent	periods	of	drying	that	will	follow	inundation	which	has	been	
shown	 to	 increase	 the	 availability	 of	 some	 inorganic	 elements	 such	 as	 phosphorous	
(Schönbrunner	et	al.,	2012).	DGT	was	not	used	 in	this	project	as	the	receptors	of	 interest	
were	humans,	 so	bioaccessibility	 testing	was	 a	more	 appropriate	method	of	 determining	
availability	of	PHEs.		
Floodplains	containing	enriched	levels	of	PHEs	can	also	have	implications	for	grazing	animals,	
especially	 those	 destined	 for	 human	 consumption.	 The	 movement	 and	 subsequent	
deposition	 of	 alluvium	 results	 in	 fertile	 floodplains,	which	 are	 often	 used	 for	 agricultural	




Land	 (ICRCL)	 (1990)	 trigger	 levels.	 There	 is	 a	 potential	 risk	 to	 grazing	 livestock	 of	
bioaccumulation	 of	 Pb	 as	 sheep	 are	 exposed	 to	 both	 soil	 particles	 and	 vegetation	when	
grazing.,	The	study	by	Smith	et	al.,	(2009)	looks	at	the	potential	availability	of	Pb	to	grazing	
animals	 using	 pseudo-total	 Pb	 concentrations	 and	 suggests	 that	 animals	 are	 at	 risk	 of	

















amount	of	PHEs	available	 for	uptake	across	 the	 intestinal	wall	 and	are	particularly	useful	



























Pelfrêne	 et	 al.,	 (2012)	 used	 a	 statistical	modelling	 approach	 to	 predict	 bioaccessibility	 in	




bioaccessibility.	 Following	 on	 from	 this,	 Pelfrêne	 et	 al.,	 (2013)	 applied	 the	 modelling	
approach	to	forest	and	urban	soils	to	investigate	the	effects	of	land	use	on	bioaccessibility.	




Additional	 routes	 for	 PHE	 exposure	 to	 humans	 can	 arise	 through	 the	 ingestion	 of	
contaminated	 animal	 products,	 as	 animals	 grazing	 on	 PHE	 enriched	 soils	 can	 accumulate	
PHEs	in	their	tissues	(Abrahams	and	Blackwell,	2013;	Foulds	et	al.,	2014).	Ruminants	are	a	
prominent	 dietary	 component	 for	 many	 human	 beings.	 Because	 of	 their	 physiology,	
bioaccessibility	 tests	 representing	 the	 human	 GI	 environment,	 such	 as	 the	 BARGE	
(BioAccessibility	 Research	 Group	 of	 Europe)	 Unified	 BARGE	 Method	 (UBM),	 are	 not	
applicable	 for	estimation	of	animal	uptake.	Furthermore,	 the	bioaccessibility	of	polycyclic	
aromatic	hydrocarbons	(PAHs)	in	different	digestive	compartments	in	cows	has	been	studied	
showing	 that	 bioaccessibility	 varied	 between	 the	 different	 compartments	 and	 that	
monogastric	 models	 may	 not	 be	 suitable	 (Jurjanz	 &	 Rychen,	 2007).	 Instead,	 four	
compartments	 need	 to	 be	 simulated:	 the	 rumen,	 abomasum,	 intestinal	 colloids	 and	
intestinal	 liquids.	 Using	 this	 model,	 Jurjanz	 &	 Rychen	 (2007)	 showed	 that	 bioaccessible	
phenanthrene	was	elevated	in	the	rumen	compartment	(17	to	24	%)	but	remained	relatively	
unaffected	 in	 the	 remaining	 compartments,	 with	 intestinal	 fluid	 solubilisation	 rates	
remaining	at	about	25	%	regardless	of	the	compound.			
The	 bioaccessibility	 of	 PAHs	 to	 humans	 has	 been	 reviewed	 by	 Harris	 et	 al.,	 (2013)	 who	
highlighted	that	PAH	bioaccessibility	testing	needs	further	research.	Currently,	the	majority	
of	 bioaccessible	 tests	 are	 based	 around	 the	 ingestion	 of	 soil,	 whereas	 PAHs	 are	 often	
ingested	 in	 foodstuffs	 and	 do	 not	 consider	 dietary	 fats	 that	 are	 known	 to	 be	 influential	
towards	PAH	bioaccessibility.		
There	are	few	studies	 investigating	the	effect	of	flooding	and	hydrological	regimes	on	the	

























was	 on	 average	 15	 %	 lower	 in	 wet	 soils	 as	 opposed	 to	 dried	 soils	 (corrected	 for	 water	










is	 likely	 to	 influence	 the	 hydrological	 cycle	 and	 potentially	 result	 in	 more	 frequent	 and	













Wetting	 and	 drying	 cycles	 have	 been	 shown	 to	 result	 in	 changes	 in	 availability,	
bioaccessibility	 and	 solid	 phase	 distribution	 of	 PHEs.	 Specifically,	work	 has	 looked	 at	 the	
effects	of	altered	wetting	and	drying	regimes	on	PHE	concentrations	in	porewater	indicating	











• Detailed	 laboratory	 studies	 involving	 wetting	 and	 drying	 cycles	 to	 geochemically	

















Soils	 vary	 greatly	 in	 their	 characteristics,	 and	 therefore	 PHE	 mobilisation	 into	 pore	 and	














extractions,	 chemometric	 modelling	 and	 bioaccessibility	 testing	 can	 be	 used	 to	























This	 chapter	 describes	 the	 study	 site	 and	 sample	 collection	 methodologies	 and	 the	

















For	example,	26.2mm	of	 rainfall	was	recorded	to	 fall	 in	15	minutes	 in	Alston	 (Archer	and	






























































River	 As	 Cd	 Cu	 Pb	 Zn	 Source	
West	Allen	 nr	 5-33	 22-40	 98-3166	 74-1131	 Aspinall	and	Macklin,	1985	
Nent	 nr	 nr	 nr	 224-15,800	 4,360-38,000	 Macklin,	1986	
South	Tyne	 nr	 nr	 nr	 15-10,490	 130-15,270	 Macklin	and	Lewin	1989	
South	Tyne	 nr	 2.3-116.9	 8-384	 410-9,798	 590-16,520	 Macklin	and	Smith,	1990	
South	Tyne	 nr	 1.8-160	 16.8-228	 2,770-13,000	 791-38,200	 Hudson-Edwards	et	al.,,	1998	



























































































depth	 was	 considered	 the	 most	 appropriate	 for	 the	 purposes	 of	 human	 exposure	 and	
interaction	with	flood	waters,	as	food	is	generally	grown	within	the	upper	layer	of	soil.	A	1	
m2	sampling	area	was	used,	with	5	samples	being	taken	(Figure	2.9)	and	bulked	together	to	















































Table	 A.2.1.	 The	 bottles	 were	 left	 with	 their	 tops	 off	 to	 observe	 changes	 in	 ORP	 in	 an	
environment	where	 the	 overlying	water	 is	 in	 contact	with	 oxygen,	 as	 it	would	 be	 in	 the	


























each	wetting	 stage.	Water	was	 carefully	 removed	using	 a	 large	 pipette	 and	 discarded	 as	












Day	1	 3	 5	 7	 9	 11	 13	 15	 17	 19	 23	
P	 P	 P	 P	 P	 P	 C,	B,	P	 P	 P	 C,B,P	 P	
	           
25	 27	 29	 31	 33	 35	 37	 39	 41	 43	 	
P	 P	 P	 P	 P	 P	 C,B,P	 P	 P	 C,B,P	 	
           
C	=	CISED	 	        
B	=	Bioaccessibility		 	        
P	=	Porewater	 	        
	 Flooded	 	        
























%	PHE	mobilised	into	overlying	water	=	(PHE	total	(mg/kg)	/	100)	*	(PHE	water	(mg/ml)*Overlying water vol (ml))	
Once	the	overlying	water	was	removed,	a	surface	scrape	of	the	remaining	10	g	of	soils	 in	
each	 microcosm	 was	 collected.	 The	 surface	 scrapes	 (approximately	 1	 g)	 from	 each	




























The	 bioaccessible	 PHE	 data	 for	 the	 wet	 samples	 in	 Chapter	 5	 and	 6	 was	 corrected	 for	
moisture	content	using	the	following	equation:	
100





















matter	 content	 of	 soil	 by	 the	 loss	 in	weight	 of	 a	 dry	 soil	 sample	 after	 ignition	 at	 a	 high	




and	 placed	 in	 a	 desiccator	 to	 cool.	 Crucibles	 were	 weighed	 (±0.01	 g)	 and	 filled	 with	
approximately	5	g	of	sample	and	reweighed	(±0.01	g).	The	crucibles	were	placed	in	a	muffle	
furnace	 for	4.5	hrs	at	450	 °C.	Once	 the	 required	 time	period	had	elapsed,	 crucibles	were	
placed	in	a	desiccator	to	cool	before	being	reweighed	(±0.01	g).	LOI	is	calculated	using	the	
following	equation:		







to	 a	depth	of	 approximately	0.5cm	and	 topped	up	 to	1.5cm	with	distilled	water.	 2	ml	of	





Particle	 sizes	 were	 classified	 according	 to	 the	 Udden	 –	Wentworth	 classification	 scheme	
(Wentworth,	1922)	for	grain	size	and	are	given	as	a	percentage	volume	frequency.	
2.9	Oxidation-reduction	potential	(ORP)	









































Volksgezondheid	 en	 Milieu	 (RIVM)	 methodology	 was	 determined	 to	 be	 the	 most	
representative	 of	 the	 human	 gastrointestinal	 tract	 and	 was	 adapted	 by	 BARGE	 for	 the	
purposes	of	repeatability	and	reproducibility.	An	inter-laboratory	comparison	exercise	was	
undertaken	to	test	the	new	methodology	and	ensure	consistent	results,	which	are	published	










to	separate	out	 the	<250	µm	fraction.	However,	 larger	particles	will	 still	adhere	 to	hands	





Four	digestive	solutions	are	used	 in	 the	UBM:	saliva,	gastric	 fluid,	duodenal	 fluid	and	bile	
which	are	each	made	by	the	combination	of	an	organic	and	inorganic	solution.	37%	HCl	or	
1M	NaOH	were	used	to	amend	the	pH	if	necessary.	The	fluids	were	kept	in	a	37	°C	water	
bath	 for	 an	 hour	 prior	 to	 starting	 the	UBM	procedure	 to	 allow	 them	 to	 thoroughly	 heat	
through.	
2.12.4	Analytical	method	
The	 procedure	 was	 carried	 out	 according	 to	 the	 schematic	 in	 Figure	 2.12	 and	 has	 been	
described	in	full	in	other	publications	(Wragg	et	al.,	2009	and	Roussel	et	al.,	2010).	The	UBM	
was	 conducted	 at	 a	 temperature	 of	 37	 °C	 over	 three	 stages	 (the	 mouth,	 stomach	 and	


















beginning.	 If	pH	was	>1.50	 then	 the	gastric	only	 samples	were	centrifuged	at	4500	g	and	

















Data	 from	the	 ICP-OES	analysis	were	corrected	 for	moisture	content	using	the	 formula	 in	















extraction	 techniques.	 Firstly,	 the	 method	 can	 be	 completed	 in	 8	 hours,	 which	 was	
advantageous	 for	 the	 inundation	 work	 carried	 out	 in	 this	 study,	 as	 samples	 had	 to	 be	





Aqua	 regia	was	made	 to	 the	 following	 concentrations	 using	 analytical	 grade	 reagents,	 as	
shown	in	Table	2.2.	Deionised	water	was	sourced	from	a	Duo™	water	purification	system.		

















1	and	2	 DI	 10	 -	
3	and	4	 0.01	M	 10	 -	
5	and	6	 0.05	M	 10	 -	
7	and	8	 0.1	M	 9.75	 0.25	
9	and	10	 0.5	M	 9.50	 0.50	
11	and	12	 1.0	M	 9.25	 0.75	






































The	 application	 of	 a	 mixture	 resolution	 algorithm,	 described	 by	 Cave	 et	 al.,	 (2004),	 can	
determine	 the	 number	 and	 composition	 of	 components	 present	within	 each	 soil	 studied	
using	multivariate	techniques.	The	SMMR	essentially	unmixes	a	mixture	of	elemental	data,	




















each	 element	 associated	with	 each	 component.	 For	 example,	 a	 Fe-oxide	 component	will	
likely	have	a	high	(>50	%)	percentage	of	Fe.	Wragg	(2005)	summarised	the	algorithm	steps	
from	 the	 work	 done	 by	 Cave	 et	 al.,	 2004.	 The	 summarised	 steps	 by	 Wragg	 (2005)	 are	
reported	below:		






make	 up	 the	 leachate	 concentration	 data	 (matrix	 A),	 a	multiple	 linear	 regression	




that	 has	 its	 rows	 scaled	 to	 1.	 This	 new	 matrix	 is	 a	 first	 approximation	 of	 the	
proportion	of	the	extraction	profiles	(scaled	matrix	B).		




are	 corrected	 to	 0	 and	 a	 second	 approximation	 of	 matrix	 B	 is	 required	 within	








6. At	this	stage	an	 input	 from	the	operator,	 to	 interpret	the	number	of	components	
determined	by	the	CISED	algorithm	to	enable	completion	of	the	mixture	resolution	
process,	 is	 required.	 The	 algorithm	 provides	 a	 graphical	 plot	 (an	 iteration	 and	


















plot,	 is	 inputted	 into	 the	 mixture	 resolution	 algorithm,	 the	 final	 component	













The	number	of	 components	 to	be	used	 is	 decided	using	AICc	 scores.	 The	 lowest	 score	 is	








Figure	 2.15:	 plots	 showing	 the	 actual	 data	 plotted	 against	 the	 modelled	 data,	 to	 assess	 model	
performance	and	fit.		




Look for Max (Fraction of the points the same within error)




Look for Min(Average absolute diffrences)

















of	 each	 component.	 Component	 identification	 is	 done	 using	 the	 plots	 in	 Figure	 2.16,	 in	
conjunction	with	 information	 on	 land	 use,	mineralogy	 (from	 XRD	 data	 in	 this	 study)	 and	
underlying	 geology.	 The	 extraction	 profile	 and	 distribution	 plots	 can	 portray	 information	
about	each	component.	For	example,	a	component	that	is	mainly	composed	of	Al	and	Fe,	
such	 as	 that	 below,	 and	 has	 a	 late	 extraction	 profile	 where	 the	 majority	 of	 solids	 are	
extracted	over	the	higher	acid	concentrations,	can	be	identified	as	an	Al-Fe	oxide.	Extraction	





Finally,	 the	 distribution	 plots	 give	 an	 indication	 of	 the	 elemental	 association	 with	 each	
component.	 For	 example,	 Figure	 2.17	 below	 shows	 the	 distribution	 of	 As	 in	 each	 of	 the	

































Sample	ID	 Al	 As	 B	 Ba	 Ca	 Cd	 Co	 Cr	 Cu	 Fe	 K	 Li	
LOD	(µg	l-1)	 3.52	 3.40	 0.33	 0.12	 13.69	 0.19	 0.28	 0.70	 0.71	 2.63	 9.83	 13.63	
	 	 	 	 	 	 	 	 	 	 	 	 	
Sample	ID	 Mg	 Mn	 Mo	 Na	 Ni	 P	 Pb	 S	 Si	 Sr	 V	 Zn	











concentrations	 for	55	elements.	Currently	 there	are	no	certified	reference	soils	 for	use	 in	











































































in	 areas	 of	 disused	 mine	 workings	 enriched	 with	 metals	 and	 metalloids,	 which	 can	 be	









through	 long	exposure	 times.	Direct	 source-receptor	pathways	 through	 the	 ingestion	and	
inhalation	of	PHE	enriched	soils	and	sediments	can	occur	as	a	result	of	our	interactions	with	
soil	for	recreation,	work	and	the	production	of	foodstuffs	(Albering	et	al.,	1999;	Wijnhoven	
et	 al.,	 2006;	 Roy	 and	McDonald.	 2015).	 For	 example,	 evidence	 has	 shown	 that	 livestock	







appropriate	 way	 of	 assessing	 the	 health	 risks	 associated	 with	 ingestion	 of	 PHE	 enriched	
material	compared	to	the	use	of	the	pseudototal	concentration	of	a	PHE	(Wragg	et	al.,	2011).	
This	is	because	bioaccessibility	testing	provides	a	more	realistic	estimate	of	PHE	content	that	
















used	 to	 determine	 whether	 long-term	 risks	 to	 humans	 from	 soil	 PHEs	 may	 occur,	 and	
whether	further	site	investigations	need	to	be	conducted	with	respect	to	human	health	risk	
















A	 full	 site	 description	 and	 justification	 for	 sample	 site	 locations	 along	with	 the	 analytical	
methods	applied	to	the	soils	are	given	in	Section	2.2.	Table	3.1	provides	a	brief	overview	of	





















































Soil	8	 Nenthead	 Limestone		 Spoil	tip	material		 Rough	grazing.	Tourist	attraction	
	
3.2.1.	Bioaccessibility		























identified.	 Clustering	 provides	 a	 broader	 overview	 of	 the	 soils	 and	 the	 PHE	 distributions	
within	them	than	the	individual	components	associated	with	each	soil.		






















A	 clustering	 methodology	 described	 in	 detail	 by	 Wragg	 (2005)	 was	 used	 to	 group	 soil	
components	from	the	CISED	into	more	general	‘clusters’	such	as	an	Iron-Oxide	cluster	and	
subsequently	determine	PHE	distribution	within	each	cluster.	This	involved	creating	a	matrix	
of	 15	 element	 columns	 (after	 removal	 of	 elements	 with	 >75	 %	 of	 values	 <LOD)	 and	 70	
extraction	rows	containing	the	total	extracted	solids	(mg	kg-1)	for	each	extraction	step	for	
each	soil	and	percentage	major	and	trace	element	composition	(Aluminium	(Al),	Arsenic	(As),	
Calcium	 (Ca),	 Cadmium	 (Cd),	 Chromium	 (Cr),	 Copper	 (Cu),	 Iron	 (Fe),	 Potassium	 (K),	
Magnesium	 (Mg),	Manganese	 (Mn),	 Sodium	 (Na),	 Phosphorus	 (P),	 Lead	 (Pb),	 Sulphur	 (S),	
Silicon	(Si),	Zinc	(Zn)).	The	matrix	was	laid	out	as	follows:	
1.	 the	 data	were	 arranged	 in	 to	 columns	 in	 the	 following	 order	 (left	 to	 right)	 -	 the	
sample	name,	the	acid	extractant,	the	component	name,	the	major	elements	that	contribute	






























this	work	 is	 defined	 as	 the	proportion	of	 a	 PHE	 that	 is	 available	 for	 uptake	by	 the	body.	




	 Arsenic	1 Cadmium	1 Copper	1 Lead	2 Zinc	1 
Residential	–	home	grown	produce 37 11 2400 200 3700 
Residential	–	no	home	grown	produce 40 85 7100 330 40000 
Allotments 43 1.9 520 84 620 
Commercial 640 190 68000 2700 730000 
Residential	Open	Space 79 120 12000 760 81000 











catchment	 and	 identify	 areas	 where	 PHE	 enrichment	 is	 present.	 Soil	 3	 had	 the	 highest	
organic	carbon	content	as	 it	was	a	peat	soil,	 located	in	the	upper	Tyne	catchment	(Figure	














Soil As Cu Cd Pb Zn Soil	organic	carbon	(%) pH 
1 136 6.32 0.284 744 466 14.9 6.89 
2 572 528 13.7 19200 8580 20.6 6.54 
3 1.16 5.01 0.41 172 44.4 90.6 2.95 
4 6.59 20.7 1.60 157 143 6.73 6.81 
5 1.06 4.10 2.40 319 540 2.89 6.99 
6 25.6 68.3 21.4 3750 7710 18.3 6.22 
7 33.0 168 53.4 29400 17000 7.18 6.87 

























  Sulphides/sulphate Oxides/hydroxides phosphate Metal 
  pyrite galena* sphalerite+ barite hematite goethite lepidocrocite ?pyrochroite fluorapatite lead* 
1 L 	   L   ?L 	  
2 	    L 	    M 
3 L 	         
4 	    L 	  ?L 	  
5 	    L 	  ?L 	  
6 L 	      ?L 	  
7 	 L 	   L 	    
8   L-M L ?L L   L   ?L M-H 
	
  Silicates Phyllosilicates/	clay	minerals Carbonates 
  quartz cristobalite albite microcline pyroxene mullite muscovite clinochore kaolinite calcite siderite dolomite cerussite* 
1 H 	 L L 	  L L L L 	   
2 H L L L 	 L L 	 L L-M 	   
3 H L L 	     L 	    
4 H 	 L L 	  L L L L 	   
5 H 	 L 	   L L L L 	   
6 H 	 L 	   L L L 	  L 	
7 H 	 L L 	 L L 	 L L L 	 L-M 
















in	 the	 gastric	 phase,	 the	 increase	 in	 pH	 and	 addition	 of	 enzymes/bile	 salts	 during	 the	
gastrointestinal	phase	can	result	in	lower	measured	bioaccessibility.	This	could	be	a	result	of	
different	 processes	 occurring	 in	 the	 gastrointestinal	 fluids,	 for	 example,	 through	 re-
association	of	soluble	metal	with	the	soil	matrix,	increased	pH	resulting	in	PHE	precipitation	
(Pb	and	Zn)	or	complexion	by	pepsin	(Roussel	et	al.,	2009).	Bioaccessible	As	was	higher	in	the	




















































































































































































GACs	 to	contextualise	 the	 results	of	 this	 study	 (Table	3.5).	The	GACs	are	generated	using	
generic	exposure	parameters,	 therefore	site-specific	uses	and	exposure	pathways	such	as	















































result	 in	 significant	 exposure	 if	 sufficient	 quantities	 of	 material	 were	 to	 be	 ingested.	
Bioaccessible	concentrations	also	exceeded	GACs	for	Pb	in	soil	6,	a	floodplain	soil	with	2,450	
mg	kg-1.	Soil	6	 is	 located	downstream	from	the	mine	spoil	 tips,	 therefore	the	elevated	Pb	
concentrations	may	occur	from	remobilisation	of	Pb	from	the	mining	areas.		





parkland	 spaces	 for	 the	 two	mining	 spoil	 tip	 soils	which	had	 the	highest	Zn	bioaccessible	














































Cluster	2:	 Exchangeable:	most	 samples	 associated	with	 this	 cluster	 showed	a	peak	 in	 the	
extracted	 solids	 between	DI	 and	 0.05	M,	with	 a	 saw-tooth	 pattern	 across	 the	 extraction	
profile.	The	dominant	elements	in	this	cluster	were	P,	Na,	K	and	Zn	and	are	considered	to	be	
associated	with	 the	 exchangeable	material	 based	 on	 a	 similar	 extraction	 profile	 seen	 by	


















could	 be	 a	 source	 of	 the	 components	 within	 this	 cluster	 (Nuttal	 and	 Younger,	 2002),	
however,	smithsonite	was	not	identified	by	XRD	making	this	unlikely.	The	dominance	of	Ca	










































Cluster	 10:	 Galena:	 this	 cluster	 has	 been	 defined	 as	 galena	 (PbS)	 because	 the	 dominant	
components	were	Pb	and	S,	and	the	masses	extracted	with	the	addition	of	1	M	and	5	M	Aqua	
Regia.	 It	 is	well	documented	that	galena	was	mined	within	the	area	(Macklin	et	al.,	1994;	
























































































































































































































































































6)	 suggesting	 the	 presence	 of	 more	 soluble	 mineral	 forms	 of	 Pb,	 as	 opposed	 to	 those	
associated	with	galena	 (Figure	3.4d).	 Lead	was	also	 found	 to	be	associated	with	 the	Mn-
oxides	cluster,	which	is	well	documented	in	the	literature	because	their	affinity	to	bind	with	
PHEs,	particularly	Pb	and	Cd,	even	at	 low	concentrations	(Degs	et	al.,	2001;	Hettiarachchi	
and	Pierzynski,	 2002;	Dong	et	al.,	 2007).	 Zinc	 and	Pb	mineral	 phases	provide	 the	highest	
source	of	Zn	(Figure	3.4e).		
3.3.6	Relationship	between	CISED	clusters	and	bioaccessibility	




(Cox	et	 al.,	2013;	Wragg	et	 al.,	2014).	 For	 example,	 As	 and	 its	 association	with	 different	
minerals	has	been	reported	to	result	in	significant	variations	in	bioaccessibility	(Meunier	et	
al.,	 2010).	 Some	 studies	 such	 as	 Pelfrêne	 et	 al.,	 (2012)	 report	 that	 physico-chemical	





































Cadmium	 (Figure	3.5)	 is	 present	within	 all	 the	 clusters	 except	 sphalerite	 and	 galena.	 The	
Mn-oxide,	 exchangeable	 and	 pore	 water	 clusters	 have	 the	 greatest	 contribution	 to	
bioaccessible	Cd.	 In	most	of	 the	soils	used	 in	 this	study,	 the	carbonate	cluster	only	partly	

































The	presence	of	Pb	bearing	minerals	 in	the	sample	was	 linked	to	the	 intensive	Pb	and	Zn	
mining	that	occurred	within	the	Tyne	catchment	(Figure	2.4;	Section	2.4).		
Fewer	 clusters	 contributed	 towards	 the	 bioaccessible	 content	 of	 Zn	 than	 other	 PHEs.	
Contribution	to	the	bioaccessible	Zn	originated	from	the	exchangeable	to	Mn-oxide	clusters,	

















phases,	 as	 opposed	 to	 much	 less	 soluble	 Fe-oxide	 phases.	 Therefore,	 soils	 with	 high	
proportions	of	PHEs	associated	with	the	carbonate	fraction	and	other	more	easily	extracted	
phases	 such	as	Mn-oxides	are	 likely	 to	be	more	bioaccessible.	 For	example,	 soil	 5	has	 its	
largest	proportion	of	Zn	associated	with	 the	carbonate	and	Mn-oxide	 fractions	and	has	a	








therefore	 recommended	 that	 they	 should	 be	 included	 when	 predicting	 the	 PHE	
bioaccessibility	 of	 floodplain	 soils	 in	 different	 catchments	 based	 on	 their	 similar	
characteristics	and	underlying	geology.	This	could	a)	reduce	the	need	for	extensive	sampling	
and	costly	extraction	 tests	b)	be	used	 to	produce	maps	of	 the	 spatial	distribution	of	PHE	
bioaccessibility	 in	 catchments	 c)	 allow	 better	 targeting	 of	 remediation	 strategies	 of	 PHE	
enriched	soils	 in	catchments.	Ultimately	using	the	approach	outlined	here	will	provide	an	










the	 lowest	 bioaccessible	 fractions	 for	 Pb	 and	 Zn,	 but	 their	 bioaccessible	 content	 still	









to	PHE	bioaccessibility	 for	 the	 soils	 under	 investigation,	 as	 the	bioaccessible	 content	was	
related	to	the	solubility	of	the	different	PHE	containing	components	present.	For	example,	













ingestion)	 PHE	 concentrations	 were	 lower	 than	 those	 measured	 using	 a	 pseudo-total	
digestion,	thereby	providing	a	more	realistic	estimation	of	the	hazard	present.	Combining	
bioaccessibility	 with	 results	 obtained	 from	 the	 CISED	 extraction	 (and	 associated	 data	
manipulations)	gave	an	insight	into	why	certain	PHEs	were	(more)	bioaccessible	compared	
to	 other	 PHEs	 and	why	 between-soil	 differences	 occurred	 regardless	 of	 the	 pseudo-total	
concentration.	 The	 approach	 also	 provided	 underpinning	 lines	 of	 evidence	 to	 support	








2.2.	 Similar	 results	 were	 also	 seen	 in	 other	 studies	 using	 different	 soil	 types	 and	
contamination	sources	(e.g.	Reis	et	al.,	2014;	Pelfrêne	et	al.,	2012),	highlighting	the	variability	
that	 can	occur	between	soils	within	a	 single	catchment.	Such	knowledge	 is	 important	 for	















Many	 UK	 catchments	 experience	 continuing	 freshwater	 inputs	 of	 potentially	 harmful	
elements	(PHEs)	from	both	point	and	diffuse	sources	associated	with	past	mining	activities,	
despite	the	cessation	of	metal	mining	(Lynch	et	al.,	2017).	These	materials	can	be	introduced	
into	 river	 systems	by	 processes	 such	 as	 erosion	 and	 surface	 run	 off	 (Dennis	et	 al.,	 2003;	
Foulds	 et	 al.,	 2014),	 or	 through	 point	 sources	 such	 as	 discharge	 from	 adits	 and	 shafts	
(Younger,	2000).	As	discussed	in	Chapter	1,	rivers	are	effective	dispersers	of	eroded	material,	
having	 the	 ability	 to	 move	 significant	 quantities	 of	 potentially	 contaminated	 material	
throughout	a	catchment,	introducing	them	to	floodplain	soils	via	deposition	during	periods	
of	high	flow	(Dennis	et	al.,	2003;	Macklin	et	al.,	2006;	Foulds	et	al.,	2014).	The	presence	of	















organic	matter,	 resulting	 in	 the	 release	of	associated	PHEs	 (Lynch	et	al.,	2014;	Pan	et	al.,	








and	 Grygar,	 2016).	 Over	 time,	 dehydration	 can	 age	 Mn	 and	 Fe	 (hydr)oxides	 to	 a	 more	
crystalline	 state,	 immobilising	 PHEs	 through	 association	 (Figure	 1.1)	 (Zheung	 and	 Zhang,	
2010).		
To	understand	the	significance	of	PHE	mobilisation	and	subsequent	risk	to	receptors	such	as	
humans,	 livestock	and	foodstuffs,	 it	 is	 important	to	first	understand	the	factors	which	are	
most	 important	 for	 controlling	 the	mobilisation	and	availability	of	PHEs	 in	 sediments	and	
floodplain	soils.	Figure	1.4	predicts	that	PHEs	will	be	initially	released	into	porewaters	from	
the	dissolution	of	Mn/Fe	(hydr)oxides	and	association	with	dissolved	organic	carbon	(DOC)	
before	 possible	 association	 with	 other	 solid	 phases	 such	 as	 sulphides	 and	 organic	
compounds.	In	this	chapter,	these	associations	are	tested	by:	

























Table	 4.1:	 Description	 and	 location	 of	 each	 of	 the	 soils	 used	 within	 this	 study.	 Colours	 indicate	
grouping	of	soils	for	multiple	linear	regression.	
Sample	















































setup	 of	 the	 microcosms	 is	 described	 in	 detail	 in	 Section	 2.5.	 Figure	 2.11	 displays	 the	
inundation	regime	used	throughout	the	experiment	and	the	frequency	of	sampling.	

























EQSs	 are	 exceeded,	 this	 indicates	 that	 the	 exposure	 to	 a	 particular	 PHE	 could	 cause	 a	
potential	risk	to	receptors.	Some	EQSs	have	a	proposed	total	value	in	µg	l-1	and	others,	such	
as	 Cu	 and	 Zn,	 are	 determined	 based	 on	 a	 bioavailable	 concentration.	 The	 required	
























ORP	measurements	 remained	mostly	 constant	 throughout	 the	experiment	at	around	550	
mV.	 This	 is	 likely	 to	 be	 because	 soil	 7	 was	 spoil	 tip	 material	 with	 elevated	 Zn	 and	 Pb	
concentrations	 (17,000	 and	 294,000	 mg	 kg-1	 respectively).	 Given	 these	 Zn	 and	 Pb	
concentrations,	microbial	communities	are	 likely	to	be	 limited	(Aceves	et	al.,	1999)	which	






























the	 first.	 This	 is	 likely	 to	 be	 a	 result	 of	 continued	microbial	 activity	 from	 favourable	wet	
conditions	in	the	soils	from	the	first	wetting	cycle	(Jenne,	1968).	Soils	2,	3	and	4	have	a	higher	











observed	 for	 ORP	 (Figures	 4.2	 and	 4.3)	 (Weber	 et	 al.,	 2009).	 Mobilisation	 of	 As	 into	
porewaters	can	occur	when	As(V)	is	reduced	to	the	more	mobile	and	toxic	As(III)	(Roberts	et	
al.,	2010;	Vink	et	al.,	2010;	Frohne	et	al.,	2011;	Simmler	et	al.,	2017).	The	CISED	data	for	soils	
1	 to	 5	 showed	 that	 As	was	mainly	 associated	with	 Fe	 oxides	 (Chapter	 3	 and	 Table	 4.5).	
Reducing	conditions	of	about	300	to	-100	mV	(at	pH	6-7)	are	known	to	result	in	the	release	
of	 co-precipitated	 As	 via	 the	 reductive	 dissolution	 of	 Fe(III)(hydr)oxides	 (Charlatchka	 and	
Cambier,	2000),	which	is	well	documented	in	the	literature	(Joubert	et	al.,	2007;	Burton	et	
al.,	2008;	Cheng	et	al.,	2009;	Xu	et	al.,	2017).		
Suitable	conditions	 for	 the	 reduction	of	Fe(III)(hydr)oxides	were	observed	 for	all	 the	 soils	
used	 in	 this	 study,	 except	 for	 soils	 3	 and	 7.	 This	 was	 further	 supported	 by	 the	 positive	
relationship	between	As	and	Fe	observed	in	porewaters	(Table	4.2),	and	is	consistent	with	
results	from	other	studies	(Roberts	et	al.,	2010;	Weber	et	al.,	2009).	Therefore,	it	is	likely	that	
the	 reductive	 dissolution	of	 Fe-oxides	 can	occur	 over	 short	 term	wetting	 events,	 such	 as	
those	used	in	this	study.	Short	term	flooding	events	may	result	in	mobilisation	of	PHEs	from	
these	sources	into	pore	waters,	as	Fe	oxides	are	known	to	have	an	affinity	for	PHEs	(Palumbo-












area	 of	 the	 catchment	 (Figure	 2.6),	 hence	 the	 presence	 of	 sphalerite.	 The	 low	 rates	 of	
mobilisation	 observed	 for	 these	 soils	 suggest	 that	 As	 associated	 with	 sphalerite	 and	
crystalline	 Fe-oxides,	which	 are	 less	 likely	 to	 be	 released	 via	 reductive	 dissolution	 during	
short	 term	 flooding	 events	 (<14	 days),	 as	 sufficiently	 low	 reducing	 conditions	 were	 not	
reached	for	these	soils	(Figure	4.1).	The	CISED	data	in	Chapter	3	also	highlighted	the	stability	
of	this	soil	component	as	it	was	the	least	easily	extracted	(Figure	3.3).	The	mobilisation	of	As	





























and	2	 (Figure	 4.3).	 This	 result	 highlights	 the	 importance	of	multiple	 inundation	 events	 in	
promoting	 As	 mobility	 in	 comparison	 to	 long	 duration	 events	 where	 As	 can	 become	







from	 sulphate	 reduction	 and	 the	 consequent	 formation	 of	 AsS	 complexes.	 Sulphide	

























7,	8	 NS	 NS	 NS	 NS	
	
The	results	from	Figures	4.2	and	4.3	show	that	whilst	prolonged	flooding	has	been	reported	
in	 the	 literature	 to	 result	 in	 the	 immobilisation	 of	 As	 through	 the	 formation	 of	 sulphide	
complexes,	repeated	short	term	flooding	events	may	result	in	the	reductive	dissolution	of	










with	 porewater	 concentrations	 decreasing	 during	 inundation	 periods	 (~90	 %)	 and	 then	











could	 result	 in	 low	Cu	mobilisation	 during	 the	 inundation	 periods,	 facilitated	 by	 electron	
donors	such	as	Fe2+	and	bacteria	(Weber	et	al.,	2009b;	Shaheen	et	al.,	2016;	Shaheen	et	al.,	
2017).		
Copper	displayed	a	negative	 relationship	with	Fe,	Mn	and	Ca	 in	 soils	1	and	2	 (Table	4.3),	
suggesting	there	were	other	sources	such	as	SOM	providing	binding	sites	during	reducing	
conditions	 (Balint	et	 al.,	 2015).	 Similar	 results	were	 found	by	 Shaheen	et	 al.,	 (2017)	who	
concluded	that	SOM	was	a	preferential	binding	site	over	Fe/Mn	(hydr)oxides	for	Cu	under	























al.,	2018).	This	may	 result	 in	an	 increase	 in	available	Cu	 to	plant	and	animal	 receptors	 in	
porewaters	and	may	be	a	mechanism	driving	the	increase	in	porewater	Cu	concentrations	in	
this	 study	 that	 coincide	 with	 a	 rise	 in	 ORP.	 Section	 1.2	 highlights	 that	 climate	 change	
predictions	 show	 increased	 drought	 periods	 during	 summer,	 which	 may	 promote	 the	
mobility	of	Cu	as	previously	flooded	soils	dry	out.		
	
113	 4.3:	 Multiple	 linear	 regression	 analysis	 for	 porewater	 Cu.	 Response	 variables	 were	 log	
transformed	and	predictors	log	transformed	where	mentioned	below.		














3-6	 0.21	 Al	 0.02	 p<0.001	


















over	 the	 second	 inundation	 period.	 Declines	 in	 porewater	 Zn	 concentrations	 were	 also	
observed	 during	 the	 drying	 periods	 for	 soils	 6	 and	 7.	 The	 initial	 rise	 in	 porewater	












such	 as	 Zn	 and	 that	 Zn	 behaviour	 will	 vary	 depending	 on	 these	 soil	 characteristics.	 Mn	
(hydr)oxides	have	also	been	shown	to	be	preferentially	reduced	during	microbial	respiration	










2006)	as	 the	presence	of	high	CaCO3	 levels	 in	waters	may	buffer	pH	 levels	and	 therefore	
hinder	the	release	of	Zn	from	secondary	minerals	such	as	Zn	carbonate	minerals.		
Soil	 6	 (Figure	 4.3)	 shows	 a	 declining	 trend	 in	 Zn	 porewater	 concentrations	 over	 the	





elements.	 Consequently,	 the	 mechanisms	 driving	 the	 porewater	 Zn	 concentrations	 are	
unclear	from	the	data	available	in	this	thesis.		
Soils	7	and	8	had	a	significant	positive	relationship	between	Zn	and	Si.	This	may	be	a	result	






Table	 4.4:	 Multiple	 linear	 regression	 analysis	 for	 porewater	 Zn.	 Response	 variables	 were	 log	
transformed	and	predictors	log	transformed	where	mentioned	below.		





















6	 NS	 NS	 NS	 NS	
















































































































































































































































































































to	 environmental	 receptors	 (Table	 4.5).	Arsenic	 EQS	 values	were	exceeded	by	porewater	
concentrations	for	soils	1	and	2,	with	the	highest	concentration	being	1,120	µg	l-1,	suggesting	
a	 potential	 risk	 to	 aquatic	 environments	 from	 inundation	 of	 these	 soils.	 The	 potential	
mobilisation	of	As	from	soils	1	and	2	via	surface	run	off	may	also	provide	a	secondary	source	







PHE	 Water	quality	standard	(µg	l-1)	 Exceeded?	 Soils	which	exceed	standard	
Arsenic	 50	 Yes	 1,2	
Copper	 1	(bioavailable)	 Yes	 1,2,8	







from	 the	 River	 Nent	 floodplain	 of	 the	 upper	 Tyne	 catchment	 and	 were	 found	 to	 have	
porewater	concentrations	reaching	8,820	µg/l.	Poor	ecological	status	has	been	recorded	for	
freshwater	 invertebrates	 in	 the	 river	 Nent	 resulting	 from	 trace	 metal	 concentrations	
(Environment	Agency,	2017)	such	as	those	observed	for	Zn	in	this	study.	Negative	effects	on	
benthic	 organisms	 have	 been	 reported	 from	 exposure	 to	 Zn	 concentrations	 in	 streams	
following	Zn	release	from	sediments	(Nedrich	and	Burton	Jr.,	2017).	The	study	by	Nedrich	








The	 results	 in	 Figures	 4.2	 and	 4.3,	 and	 comparison	 of	 pore	water	 concentrations	 to	 EQS	
values	(Table	4.5)	indicate	that	there	may	be	an	increased	risk	from	Zn	exposure.	Generally,	
lower	 concentrations	are	 released	 into	overlying	waters	because	of	 the	dilution	effect	of	
channel	currents	and	freshwater	water	entering	water	channels.	However,	PHE	mobilisation	
into	ground	water	and	porewaters	can	enter	river	channels	via	the	hyporheic	zone	and	has	
been	 shown	 to	 increase	 stream	 concentrations	 in	 the	 absence	 of	 any	 point	 sources,	
highlighting	 the	 importance	 of	 secondary	 diffuse	 sources	 (Palumboe-Roe	 et	 al.,	 2012).	







the	 issues	with	 floodplain	 soils	 and	 sediments	 being	 both	 a	 sink	 (Hudson-Edwards	et	 al.,	
1996)	and	source	(Macklin	et	al.,	1997)	of	PHEs.	For	example,	porewater	concentrations	of	
As	exceeded	its	respective	EQS	values	for	soils	1	and	2,	where	As	was	expected	to	originate	
from	 the	 former	 lead	 arsenate	 works	 where	 the	 soils	 were	 sampled.	 The	 elevated	 Zn	






of	 PHEs	 into	 waterbodies	 in	 the	 Tyne	 catchment	 through	 chemical	 mobilisation	 into	
porewaters.	 This	 potential	 release	 from	 bank	 sediments	 and	 floodplain	 soils	 could	 have	
implications	for	water	quality	targets	in	the	Tyne	such	as	those	of	the	WFD.	For	example,	the	
River	 Nent	 in	 the	 upper	 South	 Tyne	 catchment	 has	 failed	 WFD	 targets	 for	 stream	

























The	solid	phase	distribution	of	a	PHE	can	dictate	 its	availability,	 toxicity	and	potential	 for	
mobilisation	(Lin	et	al.,	2018).	Flooding	of	soil	has	the	potential	to	result	in	changes	in	the	














to	 determine	 the	 changes	 in	 pre-defined	 solid	 phases	 of	 PHEs	 as	 a	 consequence	 of	
inundation.	 An	 alternative	 technique	 is	 the	 non-specific	 Chemometric	 Identification	 of	
Substrates	 and	 Element	 Distributions	 (CISED)	 method	 (Cave,	 2004),	 combined	 with	














suggests	 that	 reductive	 dissolution	 of	 these	 oxides	may	 be	 occurring	 under	 the	 reducing	
conditions	 experienced	 during	 inundation.	 This	 has	 implications	 for	 metal	 mobility	 as	
















setup	 of	 the	microcosms	 is	 described	 in	 detail	 in	 Section	 2.5.	 Samples	were	 collected	 as	
surface	scrapes	for	the	CISED	and	UBM	procedures	at	the	end	of	every	wetting	and	drying	









2.15	 was	 applied	 to	 the	 chemical	 composition	 data	 and	 used	 to	 identify	 the	 number,	






















Generally,	 inundation	either	 increased	the	amount	of	extractable	solids,	or	 resulted	 in	an	
earlier	peak	of	extractable	solids	in	the	soils	used	in	this	study.	However,	these	patterns	were	
variable	depending	on	soil	 type.	This	shows	that	the	variation	 in	component	behaviour	 in	
each	 individual	 soil	 can	have	consequences	 for	 the	mobility	and	availability	of	associated	
PHEs.	 Extraction	 profiles	 display	 the	 mass	 of	 solids	 at	 each	 extraction	 step	 for	 every	
component	and	can	give	an	insight	into	the	potential	availability	and	mobility	of	the	elements	
associated	with	that	component	(Cave	et	al.,	2015).		
Figure	 5.1	 showed	 the	 flooding	 induced	 changes	 in	 the	 extraction	 profiles	 for	 each	
component	 for	 soil	 1.	 The	 remaining	 plots	 for	 soils	 2-8	 are	 in	Appendix	 2.	 The	 effects	 of	
wetting	 and	 drying	 cycles	 on	 the	 CISED	 extraction	 profiles	 for	 each	 component	 are	


















































































































extraction	 profile	 was	 seen	 for	 soils	 1,	 5,	 6	 and	 7	 during	 the	 wetting	 and	 drying	 cycles	
compared	 to	 the	T0	 samples.	 Secondly,	 a	 reduction	 in	 the	peak	extractable	 solids	during	
wetting	and	drying	was	observed	for	the	remaining	soils.	The	reduction	in	extractable	solids	
of	 the	Mn-Ca	 component	 after	 the	 initial	 flooding	 stage	 suggests	 the	 dissolution	 of	Mn-
oxides	 during	 wetting,	 which	 may	 result	 in	 the	 release	 of	 any	 associated	 PHEs.	 This	
interpretation	 is	 corroborated	 by	 the	 porewater	 data	 in	 Chapter	 4	 as	 significant	 positive	
relationships	were	observed	between	porewater	concentrations	of	Mn	and	Zn	(Table	4.4).		
Inundation	appeared	to	affect	the	Pb-Zn	dominated	component	in	two	different	ways	for	the	
soils	 used	 in	 this	 study	 (Table	 5.1).	 Firstly,	 little	 to	 no	 solids	 were	 extracted	 for	 this	
component	 during	 the	 T0	 step,	 with	 an	 increase	 in	 the	 extractable	 mass	 seen	 for	 the	
remainder	 of	 the	 experiment	 after	 the	 first	 inundation.	 This	 suggests	 that	 flooding	 has	
increased	 the	 extractable	 solids	 in	 these	 soils,	 indicating	 the	 formation	 of	more	 reactive	
forms	of	Pb	and	Zn	bearing	minerals	during	the	wetting	and	drying	phases.	Secondly,	for	soils	
3	and	4	only,	 the	greatest	extractable	masses	were	observed	at	T0.	The	peak	extractable	
solids	 were	 less	 after	 inundation	 and	 extracted	 earlier	 in	 the	 profile,	 again	 suggesting	 a	
change	in	the	reactivity	of	Pb	and	Zn	minerals.		
The	extraction	profiles	for	the	Zn	component	showed	two	main	patterns	after	 inundation	









extractable	mass	of	 the	Fe-P	 component.	 This	 result	 suggests	 that	 Fe	and	any	associated	
PHEs	may	be	becoming	more	available	and	mobile	after	wetting	and	drying	cycles,	increasing	
the	potential	for	PHE	mobilisation.	Phosphorus	may	be	turned	into	an	insoluble	form	after	













the	 soils	 except	 soil	 3.	 For	 soil	 3	 there	 was	 a	 peak	 extraction	 at	 around	 0.01	M	 for	 T0.	















































following	 section	 discusses	 these	 changes	 but	 does	 not	 discuss	 the	 original	 solid	 phase	
distribution	of	PHEs	in	the	soils	used	in	this	study,	as	this	is	outlined	in	detail	in	Chapter	3.	
Broad	patterns	of	change	observed	in	the	solid	phase	distribution	of	PHEs	are	reported	and	
discussed	below,	 rather	 than	deterministic	changes.	This	 is	because	the	use	of	sequential	






















to	 bioaccessibility	 in	 Chapter	 3,	 Figure	 3.4.	 Changes	 in	 the	 As	 associated	 with	 the	 Al-Fe	
component	were	not	reflected	in	the	solid	phase	distribution	of	As	(Figure	5.3)	because	As	
was	reported	as	a	%	of	the	total	CISED	extractable	As	for	each	time	step.	An	increase	in	CISED	































similar	 to	 those	 found	by	Martin	et	al.,	 (2007).	 Increases	were	 seen	 in	As	 concentrations	
associated	with	the	Na-K	(porewater/organics)	component	and	Ca	(carbonate)	component	
in	soil	3	during	the	wetting	and	drying	periods.	The	reduction	in	Fe-oxide	associated	As	and	
increase	 in	 carbonate	 and	 porewater/organics	 associated	 As	 suggests	 potential	
redistribution	of	As	to	these	components.	The	results	of	Chapter	4	show	little	mobility	for	As	
into	 porewater	 suggesting	 As	 remained	 associated	 with	 Fe-oxides	 as	 a	 result	 of	 ORP	
remaining	too	high	for	reductive	dissolution	of	Fe	oxides	(Section	4.3.2.1).	Figure	5.3	suggests	
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(Figure	 5.4).	 Generally,	 the	 BAF	 of	 the	 remaining	 PHEs	 for	 soils	 1	 and	 2	 were	 either	
comparable	to,	or	lower	than	those	of	the	remaining	soils.	Therefore,	in	terms	of	potential	











in	Cd	availability	after	wetting	of	dried	soils.	The	 results	here	are	 similar	 to	other	 studies	
where	Cd	was	shown	to	associate	with	carbonates	after	one	week	of	flooding	(Khaokaew	et	
al.,	2011).	It	is	suggested	that	this	occurs	as	Cd2+	and	Ca2+	can	compete	for	binding	sites	on	
calcite,	 and	 calcite	 was	 present	 in	 the	 soils	 used	 in	 this	 study	 (Chapter	 3).	 Carbonate	
associated	Cd	has	been	shown	to	contribute	to	Cd	bioaccessibility	 in	this	study	and	in	the	
literature	through	dissolution	 in	the	 low	pH	environment	on	the	stomach	(Pelfrêne	et	al.,	















between	 the	 Fe-Zn	 and	 Al	 components.	 The	 uncertainty	 associated	 with	 these	 two	
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Soils	 1	 and	 2	 display	 similar	 patterns	 of	 flooding	 induced	 change	within	 the	 components	
(Figure	5.8).	There	was	a	small	reduction	in	the	mass	of	extractable	Cu	associated	with	the	








an	exchangeable	 form,	where	 they	are	available	 for	uptake	by	plants	 (Zeng	et	al.,	 2011).	
Increased	uptake	by	plants	 in	 agricultural	 areas	 can	 result	 in	 an	 indirect	 pathway	of	 PHE	
exposure	to	humans	through	ingestion	of	PHE	enriched	plant	material.	Soil	6	displayed	an	

























Soil	 4	 displayed	 increases	 in	 the	 Mg-Ca	 component	 and	 the	 Fe-P	 component.	 The	 Fe-P	
component	was	considered	to	have	originated	from	fertiliser	application.	Soil	5	displayed	an	
increase	 in	 Cu	 associated	with	 the	 Fe-P	 component;	 little	 change	was	 observed	with	 the	
other	components.		
Soil	 8	 was	 dominated	 by	 Pb	 and	 Zn	 bearing	 components	 (Figure	 5.8).	 Little	 change	 was	
observed	 in	 the	 association	 of	 Cu,	 with	 Cu	 being	 retained	 in	 the	 Pb	 and	 Zn	 dominated	
components.	 Little	 mobilisation	 of	 Cu	 was	 seen	 into	 porewaters	 in	 Chapter	 4,	 so	 Cu	
associated	with	the	mine	spoil	tips	of	similar	composition	to	soil	8	in	the	upper	region	of	the	
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5.9).	 For	 example,	 soils	 1	 and	 2	 generally	 displayed	 little	 change	 or	 a	 decrease	 in	 Cu	
bioaccessibility	 during	 the	wetting	 and	 drying	 periods,	 with	 the	 highest	 bioaccessible	 Cu	
concentrations	found	during	the	T0	phase.	This	suggests	that	dried	airborne	soils	may	have	
higher	BAF	than	those	at	 field	capacity.	Exposure	from	airborne	particulate	fractions	(<20	
µm)	has	been	reported	to	be	higher	 than	that	of	bulk	samples	 (<255	µm)	because	of	 the	
smaller	 particle	 size	 and	 larger	 surface	 to	 volume	 ratio	 (Guney	 et	 al.,	 2017).	 This	 has	




displayed	 a	 slight	 increase	 in	 Cu	 and	 bioaccessibility	 whilst	 Cu	 remains	 almost	 entirely	
unavailable	in	soil	8.		
5.3.2.4	Lead	
The	majority	 of	 Pb	 was	 associated	 with	 the	 Pb-Zn	 component	 for	 all	 soils	 (Figure	 5.10).	
Increases	of	Pb	associated	with	the	Pb-Zn	component	were	observed	for	all	soils	during	the	





































Soils	 1	 and	 2	 had	 approximately	 40-80	%	 of	 Pb	 associated	with	 the	 Al-Ca-Fe	 component	
during	the	T0	stages	but	this	was	reduced	after	flooding	to	<20	%.	The	remaining	soils	had	
<5	%	associated	with	this	component,	which	was	also	reduced	during	wetting	and	drying.	
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Lynch	 et	 al.,	 (2017)	 during	 flooded	microcosm	 studies	 of	 Pb	 and	 Zn	 rich	mine	 spoil.	 The	
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Zn	 components	 had	 similar	 extraction	 profiles	 so	 it	 may	 be	 difficult	 to	 distinguish	 the	
association	of	Zn	between	them.	However,	because	of	the	similarity	of	ease	of	extraction	in	










after	 15	 days	 of	 inundation.	 The	 soils	 in	 this	 study	 all	 experienced	 increases	 in	 Zn	






























chapter	 (Figure	 5.15).	 The	 BAF	 of	 Zn	 was	 higher	 during	 the	 wetting	 and	 drying	 cycles	










in	this	study	by	5	to	10	%.	However,	 the	changes	 in	bioaccessibility	witnessed	 in	the	soils	
used	in	this	study	were	small	and	the	risk	to	human	receptors	may	be	low.		
Wetting	and	dying	cycles	were	shown	to	result	in	the	redistribution	of	PHEs	between	solid	
phases	 of	 the	 soils,	with	 some	PHEs	 being	 associated	with	more	 labile	 components.	 This	














































Sequential	 extractions,	 especially	 those	 used	 in	 the	 CISED	 method,	 are	 useful	 tools	 for	
assessing	the	solid	phase	distributions	of	PHEs,	providing	their	limitations	are	understood.	
For	 example,	 sequential	 extractions	 may	 not	 be	 sensitive	 enough	 to	 quantify	 absolute	
temporal	changes	in	the	concentrations	of	PHEs	in	each	of	the	solid	phases	over	short	term	
events	(weeks),	but	they	are	suitable	for	highlighting	broad	patterns	of	change	within	soil	














Floodplain	soils	 in	 the	UK	can	become	enriched	with	potentially	harmful	elements	 (PHEs)	
















shown	 that	 flooding	 can	 influence	 the	 bioaccessibility	 of	 PHEs	 (Chapter	 5;	 Florido	 et	 al.,	
2011).	Such	information	can	be	useful	for	targeting	areas	for	remediation	or	the	selection	of	














as	 this	 information	 is	 important	 in	 determining	 the	 underlying	 drivers	 and	 sources	 of	
mobilisation.	 Secondly,	 bioaccessibility	 is	 predicted	 from	 pseudototal	 datasets	 prior	 to	
spatially	mapping	 the	 flooding	 induced	 changes	 in	 PHE	 bioaccessibility.	 This	 is	 done	 at	 a	
catchment	 scale	 using	 the	 machine	 learning	 and	 GIS	 based	 approaches.	 Therefore,	 the	
specific	aims	on	this	chapter	are	to:	
• Characterise	the	 intrinsic	soil	constituents	(ISCs)	 in	the	Tyne	catchment	floodplain	
soils		
• Determine	the	mobility	of	PHEs	in	the	Tyne	catchment	floodplain	soils	











Soils	 were	 processed	 (Section	 2.4.2)	 and	 characterised	 for	 their	 metal	 content	 using	 a	

















mobilised	 into	 the	 overlying	 water	 and	 what	 remained	 in	 the	 soil.	 Soils	 samples	 were	
collected	 from	 the	 bottles	 once	 the	 overlying	 water	 had	 been	 removed.	 A	 0.3	g	 surface	
scrape	 from	 the	 centre	 of	 the	 bottle	 was	 taken	 and	 immediately	 subjected	 to	 the	 UBM	
process,	(Section	2.12).	The	remaining	soils	were	weighed,	dried	at	1.5	°C	for	four	days	and	




Pseudo-total	 concentrations	 in	 the	 48	 samples	 sites	were	 plotted	 in	 the	 Tyne	 catchment	
using	ESRI	ArcMap	10.	Additional	spatial	soil	elemental	concentration	data	were	also	sourced	
from	the	National	Soil	Index	(NSI)	which	was	carried	out	on	a	5	km	grid	for	England	and	Wales	













ISCs	 are	 defined	 in	 this	 work	 as	 a	 combination	 of	 soil	 particles	 with	 similar	 chemical	
composition	 of	 varying	 concentrations	 that	 have	 originated	 from	 similar	 geogenic	 or	
anthropogenic	sources	(Wragg,	2005).		
ISCs	were	first	modelled	to	gain	an	insight	into	solid	phase	distribution	of	PHEs	within	the	48	
soils,	 compared	 to	 the	 eight	 soils	 that	 underwent	 the	 same	modelling	 procedure	 for	 the	










of	 the	 48	 sample	 sites	 shown	 in	 Figure	 2.2.	 The	 data	 for	 all	 sample	 sites	were	modelled	
together	on	 the	assumption	 that	 they	are	composed	of	a	 common	set	of	 ISCs	as	 they	all	










The	CISED	method	 and	 subsequent	 data	 analysis	 using	 the	 SMMR	 identifies	 the	 physico-
chemical	components	of	the	soil	that	are	reactive	and	therefore	extractable	and	does	not	
include	the	residual	fraction	of	the	soil	that	is	unreactive.	As	the	CISED	method	identifies	the	
reactive	 components,	 it	 is	 useful	 for	 identifying	 the	 components	 that	would	be	dissolved	





Spatial	 mapping	 of	 bioaccessible	 PHE	 concentrations	 and	 subsequent	 flooding	 induced	
changes	 in	 bioaccessibility	was	 conducted	using	 ESRI	ArcMap	10.	 Spatial	 datasets	 of	 PHE	
bioaccessibility	were	imported	into	ArcMap,	in	the	form	of	X	Y	data,	using	the	‘import	data’	















Sampling	extent	 Search	Radius	 Number	of	points	 Cell	size	
Historic	Flood	Outline	
Layer	 Fixed	search	radius	 6	 50	m	
	
Flooding	 induced	 change	 in	 bioaccessibility	 was	 also	 mapped	 using	 the	 IDW	 tool.	 The	




Random	 forest	 models	 are	 non-parametric	 machine	 learning	 methods,	 based	 on	
classification	 and	 regression	 trees.	 They	 can	 be	 used	 in	 similar	 ways	 to	 multiple	 linear	
regression	(MLR)	to	determine	the	predictors	for	the	behaviour	of	a	response	variable	and	






• The	 risks	 of	 overfitting	 are	 reduced	 as	 multiple	 decision	 trees	 are	 averaged	 and	
therefore	variance	is	reduced.	
• They	are	robust	on	small	datasets.	The	dataset	used	here	has	48	samples.		
Test	 set	 error	was	determined	using	out	of	 bag	error,	 rather	 than	 cross	 validation.	Cross	







bioaccessibility,	 with	 the	 model	 with	 the	 highest	 percentage	 variance	 explained	 being	
selected	as	the	better	performing	model.	Intrinsic	Soil	Constituents	were	modelled	from	total	












The	decision	 to	predict	 bioaccessible	 PHE	 content	 in	 terms	of	mg	 kg-1	 as	 opposed	 to	 the	
bioaccessible	fraction	%	was	made	because	a	map	showing	a	concentration	would	be	more	
useful	for	risk	assessment	purposes	than	one	showing	a	bioaccessible	fraction	as	a	%.	This	is	












works	 with	 classification	 methods	 such	 as	 RF	 models.	 The	 algorithm	 compares	 variable	
importance	 with	 those	 of	 shadow	 attributes,	 which	 are	 variables	 created	 by	 randomly	
shuffling	the	original	variables.	Predictor	variables	that	have	been	classed	by	the	algorithm	
as	 less	 important	 than	 shadow	attributes	 are	 assigned	as	 ‘not	 important’	 and	 those	with	
higher	importance	than	the	shadow	attributes	are	assigned	as	‘important’.	The	user	selects	
the	 number	 of	 iterations	 to	 run	 and	 each	 iteration	 sees	 the	 creation	 of	 new	 shadow	
attributes.	 The	 model	 will	 run	 until	 only	 the	 important	 variables	 are	 left,	 or	 when	 the	
maximum	number	of	iterations	assigned	has	been	reached.	Variables	assigned	as	‘tentative’	
are	those	that	are	left	over	when	the	maximum	number	of	runs	has	been	met.	Increasing	the	
number	 of	 runs	 can	 result	 in	 the	 classification	 of	 these	 variables	 as	 either	 important	 or	
unimportant.		
	











PHE	bioaccessibility	once	 the	 five	RF	models	had	been	constructed.	This	was	done	as	 the	
‘black	box’	nature	of	machine	learning	algorithms	can	make	interpreting	the	results	of	a	RF	






The	outputs	 of	 the	RF	models	were	plotted	 spatially	 in	ArcMap	 to	provide	 a	 comparison	
between	 the	 interpolation	of	data	points	 collected	during	 this	work,	and	 those	predicted	
from	the	NSI	dataset.		
A	 combination	 of	 RF	 models	 and	 multiple	 linear	 regression	 (MLR)	 were	 used	 to	 model	
flooding	induced	change	in	Pb.	The	dependent	variable	was	the	flooding	induced	change	in	























The	predicted	output	values	were	 then	entered	 into	ArcMap	 in	 the	 form	of	X	Y	data	and	
plotted	 to	 produce	 the	 final	 maps.	 These	 maps	 spatially	 displayed	 the	 flooding	 induced	
change	in	the	BAF	of	Pb.	The	aim	of	this	was	to	show	the	potential	for	combining	geochemical	






















































Concentrations	 of	 As	 were	 higher	 in	 the	 NSI	 dataset	 than	 the	 sample	 site	 dataset,	 by	










































































































































































































subsequent	 interpolation	of	the	NSI	datasets	could	then	result	 in	 lower	values	being	seen	
than	 in	 the	 samples	 used	 for	 this	work.	 This	 study	 did	 not	 target	 potential	 hotspots	 but	
sampling	locations	were	randomly	generated	from	the	recorded	flood	outlines	of	the	Tyne,	
so	are	generally	in	closer	proximity	to	the	river	and	hence	subject	to	flooding,	than	the	data	
from	 the	 NSI	 datasets.	 Hence,	 the	 soils	 sampled	 for	 this	 thesis	 may	 have	 elevated	
concentrations	of	PHEs	which	can	be	transported	by	the	river	and	deposited	on	floodplain	
soils.		

















GAC	 values	 were	 not	 exceeded	 by	 any	 floodplain	 PHE	 concentrations	 within	 the	 Tyne	
catchment	 for	 the	 more	 conservative	 parkland	 open	 space	 values.	 Bioaccessible	 As	
concentrations	ranging	from	0.8	to	4.2	mg	kg-1,	were	an	order	of	magnitude	below	GACs.	The	
highest	 values	 were	 south	 of	 Haydon	 Bridge,	 which	 was	 upstream	 of	 the	 South	 Tyne	








The	 spatial	 distribution	 of	 bioaccessible	 Cd	 was	 highest	 downstream	 of	 Haltwhistle	 and	
values	ranged	from	0.4	mg	kg-1	to	10.8	mg	kg-1,	likely	to	originate	from	the	mining	areas	in	





Like	 Cd,	 the	 highest	 bioaccessible	 Pb	 concentrations	 were	 located	 downstream	 of	
Haltwhistle,	with	concentrations	ranging	from	79	mg	kg-1	to	1,347	mg	kg-1	(Figure	6.16).	Lead	
concentrations	were	borderline	with	its	respective	GAC	value	(1,400	mg	kg-1)	in	several	areas	

























































































of	 PHEs	 also	 had	 higher	 PHE	 mobility	 into	 porewater	 (Figures	 6.20	 and	 6.21).	 Both	 are	
measures	of	mobilisation,	but	mobility	into	the	gastrointestinal	tract	is	expected	to	be	higher	
than	mobility	into	overlying	water	as	the	reagents	used	in	the	UBM	are	of	a	lower	pH	(pH	
1.2)	 and	 therefore	 more	 aggressive	 than	 river	 water	 (pH	 7.7).	 The	 UBM	 reagents	 are	
aggressive	enough	to	result	in	mobilisation	of	PHEs	from	soil	components	such	as	carbonates	





mobilisation	of	PHEs	 from	similar	 components	 through	processes	 such	as	desorption	and	
reductive	dissolution	(Chapter	4),	but	these	processes	occur	over	a	greater	timescale	(usually	
weeks)	 with	 a	 weaker	 reagent	 (water),	 therefore	 resulting	 in	 lower	 PHE	 mobilisation.	
However,	it	is	hypothesised	that	soils	with	a	larger	proportion	of	PHE	content	in	more	labile	
components	 will	 likely	 have	 a	 higher	 mobility	 potential	 into	 porewater,	 as	 well	 as	 the	
gastrointestinal	tract.		
Relationships	 between	 As	 and	 Cu	 mobility	 and	 bioaccessibility	 showed	 a	 positive	 trend,	
suggesting	that	soils	with	higher	bioaccessible	PHEs	are	more	likely	to	have	a	higher	potential	









sources	 of	 pollution	 in	 PHE	 enriched	 areas.	 Potentially,	 such	 mobilisation	 could	 have	
implications	for	water	quality	status	such	as	those	by	the	WFD	as	was	shown	in	Chapter	4	
when	porewater	concentrations	were	compared	to	EQS	values.	Studies	have	shown	elevated	

















resulting	 in	 seven	 different	 ISCs	 being	 reported	 for	 the	 Tyne	 catchment	 floodplain	 soils.	




and	 therefore	 likely	 to	be	Fe-Al	oxides.	 This	 ISC	 is	present	within	all	 soil	 types,	 and	Fe-Al	





are	 similar	 in	 composition,	with	 greater	 concentrations	 of	 Fe	 (60	%)	 over	 Al	 (20	%).	 The	
uncertainty	 on	 the	 Fe-Al	 ISC	 2	 (Figure	 6.23)	 is	 considerably	 greater	 as	 the	 error	 bars	 go	








































This	 ISC	 (Figure	 6.25)	 was	 identified	 as	 a	 carbonate	 constituent	 because	 of	 its	 high	 Ca	





























































The	association	of	Ca	and	Al	has	 led	to	 the	 identification	of	 this	 ISC	as	an	aluminium	rich	
calcite	(Figure	6.26),	as	calcite	was	identified	in	the	floodplain	soils	(soils	4	and	5)	in	Chapter	
3	by	XRD.	It	is	composed	of	50	%	Ca,	20	%	Al	and	10	%	Zn	and	was	present	in	all	soils.	Sample	
47	 was	 sampled	 from	 an	 agricultural	 field	 used	 to	 grow	 trees	 and	 had	 the	 highest	
















































































































































of	Al	 (50	%)	and	Mn	 (15	%).	Calcium	was	also	present	 (20	%).	Aluminium	oxides	and	Mn	
oxides	were	 identified	by	 the	CISED	extractions	 in	Chapter	3	and	therefore	may	originate	
from	this	ISC.	This	ISC	was	not	present	in	all	samples,	and	was	mostly	found	in	samples	38-
































Arsenic	 was	 found	 to	 be	mainly	 associated	 with	 the	 Al-Fe	 ISCs	 (Figure	 6.31),	 which	 was	
expected	 because	 As	 was	 found	 to	 associated	 with	 the	 Al-Fe	 cluster	 in	 Chapter	 3.	 This	
relationship	is	also	well	documented	within	the	literature	(Dixit	and	Herring,	2003;	Burton	et	
al.,	2008;	Xu	et	al.,	2017).	It	is	therefore	assumed	that	Fe-Al	oxides	will	be	a	good	predictor	







neutral	 soils	 such	 as	 those	 found	 in	 the	 Tyne	 catchment	 (Chapter	 3).	 This	 is	 because	










































































Bioaccessibility	 increased	 for	 the	majority	 of	 PHEs	 after	 the	 flooding	 of	 soils	 for	 1	 week	
(Figure	 6.33).	 Paired	 t	 tests	 determined	 if	 changes	 were	 significant,	 and	 all	 PHEs	
demonstrated	a	p	value	of	<	0.05,	highlighting	the	potential	of	flooding	events	to	cause	an	







































Random	 forest	 models	 were	 used	 to	 predict	 bioaccessible	 PHE	 content	 from	 total	 PHE	
concentrations	within	the	Tyne	catchment.	The	purpose	of	this	was	to	test	the	ability	of	these	
models	 to	 predict	 bioaccessibility	 over	 large	 spatial	 scales	 using	 datasets	 of	 pseudo-total	
major	 and	 trace	 elements,	 such	 as	 those	 found	 in	 the	 G-Base	 datasets.	 No	 such	 high-


























































variables	 for	 modelling	 PHE	 bioaccessibility.	 Common	 patterns	 between	 the	 five	models	
above	were	 that	 the	host	PHE	 (e.g.	pseudo-total	Pb	 for	Pb	bioaccessibility)	was	 the	most	
important	predictor,	with	the	exception	of	arsenic.	This	suggests	that,	generally,	the	higher	
PHE	 content	 results	 in	 a	 more	 PHE	 bioaccessible	 concentration,	 which	 has	 been	 seen	
elsewhere	 (e.g.	 Appleton	 et	 al.,	 2012).	 PHEs	 other	 than	 the	 host	 PHE	 were	 also	 often	
important	predictor	variables,	with	increased	bioaccessibility	of	one	PHE	often	linked	to	the	
increased	 bioaccessibility	 of	 another.	 This	 suggests	 possible	 interaction	 effects	 between	
PHEs	occur	 resulting	 in	 the	need	 to	examine	PHE	behaviour	and	bioaccessibility	 in	mixed	
chemicals,	rather	than	in	isolation.		
The	most	important	variables	generated	by	the	Boruta	package,	as	shown	in	Figures	6.39	to	
6.43	by	 the	green	boxes,	were	selected	and	used	as	an	 input	 into	a	 second	RF	model,	as	
opposed	to	the	first	RF	model	that	contained	all	 the	predictor	variables.	The	predicted	vs	
actual	values	for	each	PHE	are	shown	in	Figure	6.44.	Most	of	the	points	conformed	to	the	

























































The	main	 predictors	 of	 As	 identified	 in	 Chapter	 3	 showed	 some	 differences	 to	 the	 data	







floodplains	soils	do	not	contain	 ISC	 identifiable	quantities	of	Mn	oxides	 in	all	 the	 soils,	as	
shown	in	Figure	6.30.	The	Tyne	catchment	floodplain	soils	analysed	in	this	chapter	are	much	
more	 similar	 in	 their	 characteristics	 than	 the	 eight	 soils	 used	 in	 Chapter	 3,	 which	 were	
purposefully	selected	to	be	different	form	each	other	with	regards	to	their	soil	characteristics	
and	components.		
Carbonates	 were	 also	 identified	 in	 Chapter	 3	 to	 be	 hosts	 of	 bioaccessible	 As	 and	 were	

















Pelfrêne	 et	 al.,	 (2013)	 reported	 that	 the	 most	 influential	 factors	 for	 predicting	 Cd	
bioaccessibility	were	 carbonates,	 SOM,	 P,	 Fe-oxides,	 Al,	 Cd	 and	 Pb.	 This	 differs	 from	 the	
results	 here	 and	 highlights	 the	 importance	 of	 catchment	 specific	modelling,	 as	 no	 single	
model	will	be	able	to	predict	PHE	bioaccessibility	in	every	catchment.	Pseudo-total	Cd	and	
Zn	both	have	positive	partial	effects	on	Cd	bioaccessibility.	This	is	likely	because	Cd	and	Zn	
are	often	both	 associated	with	 similar	 soil	 constituents	 and	minerals;	 increases	of	 Cd	 are	








of	 Pelfrêne	 et	 al.,	 (2013)).	 Manganese	 was	 shown	 to	 be	 a	 significant	 predictor	 of	 Cd	

















matter	 content	 (Pouschat	 and	 Zagury,	 2008;	 Cui	et	 al.,	 2016),	 and	 such	 relationships	 are	
mentioned	 in	 Chapter	 4.	 Other	 studies	 have	 reported	 that	 Cu	 bioaccessibility	 can	 be	
positively	 correlated	 with	 SOM	 in	 the	 gastrointestinal	 tract	 and	 a	 near	 neutral	 pH	


































to	 be	 generally	 present	 in	 organic	 compounds	 within	 the	 soil,	 which	 could	 explain	 the	
negative	 trend	seen	as	PHEs	can	be	 immobilised	by	organic	material	and	 therefore	could	
reduce	bioaccessibility	of	Pb	(Tang	et	al.,	2008).		
The	 positive	 association	 with	 Mn	 (Figure	 6.48)	 suggests	 that	 Mn	 oxides	 are	 hosts	 of	
bioaccessible	Pb,	as	shown	 in	Chapter	3	and	 in	the	 literature	(e.g.	Courtin-Nomade	et	al.,	
2016;	 Rinklebe	 et	 al.,	 2016).	 A	 non-linear,	 parabolic	 trend	 was	 seen	 between	 Pb	




reported	 higher	 Pb	 bioaccessibility	 in	 carbonate	 soils,	 suggesting	 that	 Pb	 bound	 to	
carbonates	was	released	in	the	acidic	environment	of	the	stomach.	Carbonates	were	shown	





















(Figure	 6.49),	 which	 was	 likely	 to	 be	 a	 result	 of	 soils	 with	 higher	 concentrations	 of	
bioaccessible	Zn	having	higher	concentrations	of	other	PHEs	in	general.	Calcium	content	was	























consuming	on	 the	Tyne	 floodplain	soil	 sample	size	 (n	=	48).	Only	eight	soils	were	used	 in	
Chapters	3,	4	and	5,	so	it	was	possible	to	conduct	the	CISED	method	on	the	smaller	sample	
size.		












the	 soils	 analysed	 in	 the	 two	 chapters.	 However,	 both	 ISCs	 and	 clustering	 are	 useful	 for	
examining	 the	 underlying	 contributors	 towards	 PHE	 bioaccessibility,	 and	 both	 have	 their	
advantages.		
The	components	identified	by	the	CISED	method	are	derived	from	ISCs	and	provide	a	more	
detailed	 snapshot	 of	 the	 solid	 phase	 distribution	 of	 PHEs.	 For	 example,	 several	 Fe-oxide	

















A	combination	of	RF	 and	 linear	 regression	models	were	used	 to	determine	 the	predictor	
variables	needed	for	the	prediction	of	flooding	induced	change	in	bioaccessibility.	Lead	was	
used	as	a	model	PHE	as	Pb	is	known	to	be	a	pollutant	of	interest	in	the	Tyne	catchment	and	
bioaccessible	 Pb	 concentrations	 did	 exceed	 parkland	 S4UL	 values	 in	 certain	 locations.	
Significant	predictors	(p	<	0.01,	R2	=	0.65)	were	Si,	Li	and	P.	Their	partial	effects	are	shown	in	
Figure	6.50.	
Both	 Si	 and	 Li	 are	 suggested	 to	 positively	 influence	 flooding	 induced	 change	 in	 Pb	
bioaccessibility,	indicating	that	areas	with	a	higher	Si	and	Li	content	will	experience	greater	
change	 in	 Pb	 bioaccessibility	 (Figure	 6.50).	 Phosphorus	 displayed	 a	 negative	 linear	
relationship	with	Pb	bioaccessibility	 change,	 suggesting	higher	 concentrations	of	P	 retard	
change	in	Pb	bioaccessibility.	This	result	agrees	with	the	literature	as	phosphates	have	been	

























bioaccessibility	 and	 consequent	 flooding	 induced	 change	 at	 a	 catchment	 scale.	 The	 NSI	
dataset	is	an	interpolated	dataset	and	therefore	there	is	likely	to	be	uncertainty	associated	



















44	%.	 Lead	 concentrations	 around	Haltwhistle	 and	Hexham	 range	 from	79	 to	 547	mg/kg	
(Figure	6.16).	GACs	for	Pb	vary	from	84	mg	kg-1	for	allotments	to	330	mg	kg-1	for	residential	
areas	with	no	home	grown	produce.	The	predicted	change	in	bioaccessibility	results	in	soil	
lead	 concentrations	 around	 the	 towns	 of	 Hexham	 and	 Haltwhistle	 potentially	 exceeding	























are	 commonly	 used	 in	 human	 health	 risk	 assessment	 and	 provide	 a	 more	 realistic	 and	
potentially	 less	 conservative	estimation	of	potential	 risk	of	PHE	exposure	 to	humans.	 For	
example,	 the	 ability	 to	 determine	 the	 soils	 within	 a	 catchment	 with	 the	 greatest	 risk	 of	
mobilisation	 can	 allow	 for	 targeted	 remediation	 strategies	 or	 highlight	 areas	 that	 need	






prediction	 of	 flooding	 induced	 change	 in	 bioaccessibility	 should	 be	 used	 to	 compliment	
existing	datasets	such	as	land	use,	topography	and	flood	modelling	outputs.		
Catchment	 soils	 that	 are	 under	 agriculture	 are	 particularly	 susceptible	 to	 anthropogenic	
pressures	 though	 food	production,	 recreation	and	redevelopment	 for	housing.	Therefore,	












The	 combination	 of	 the	 modelling	 approaches	 utilised	 within	 this	 chapter,	 and	 regional	
spatial	data	 sets	on	soil	elements	 to	characterise	 the	behaviour	and	mobility	potential	of	
PHEs	 in	 floodplain	 soils	 at	 a	 catchment	 level	 has	 been	 demonstrated.	 For	 example,	 the	
modelling	of	ISCs	can	determine	the	geochemical	sources	of	PHEs	and	such	information	is	
useful	 for	 understanding	 the	 drivers	 of	 PHE	mobility	 and	 availability,	 as	 demonstrated	 in	
Chapters	3	and	4.		
Inundation	 of	 the	 Tyne	 catchment	 floodplain	 soils	 displayed	 low	 mobility	 into	 overlying	
waters	 (<2	%),	 however,	 it	was	determined	 that	 continuous	 inputs	 from	elevated	diffuse	
sources	of	PHE	could	lead	to	poor	water	quality	status.	The	predicted	frequency	and	size	of	
flooding	 events	 in	 the	UK	 suggest	 that	 the	 Tyne	 catchment	will	 see	 an	 increased	 stream	




flooding	 induced	change	 in	Pb	bioaccessibility	 in	the	Tyne	catchment.	This	 illustrated	that	
inundation	of	soils	was	likely	to	increase	Pb	bioaccessibility	in	soils	by	approximately	30	%	to	
50	%.	The	 implications	 for	 this	are	that	bioaccessible	Pb	values	may	be	raised	above	GAC	






in	 the	 consequent	 increase	 in	 the	 bioaccessibility	 of	 another,	 through	 competition	 for	
binding	 sites	 and	 studies	 have	 shown	 that	 Pb	 can	 be	 preferentially	 absorbed	 over	 Cd,	
increasing	Cd	solubility	(Xia	et	al.,	2017).	Lead	concentrations	were	shown	to	be	positively	
related	 with	 Cd	 bioaccessible	 concentration;	 therefore,	 a	 possible	 interaction	 may	 be	


















PHE	 behaviour,	 stemming	 from	 an	 increasing	 reliance	 by	 humans	 on	 floodplains	 and	 a	
predicted	increase	in	the	frequency	and	magnitude	of	flood	events	in	the	UK.	Floodplain	soils	
and	sediments	are	known	to	be	potential	sinks	and	sources	of	PHEs	(Macklin	et	al.,	1997;	
Overesch	 et	 al.,2007;	 Schulz-Zunkel,	 2009),	 therefore	 any	 changes	 in	 the	 availability	 and	
mobility	 of	 PHEs	 in	 these	 soils	 could	 result	 in	 new	 exposure	 pathways	 to	 human	 and	
ecological	receptors.	The	research	here	is	specific	to	the	soils	of	the	Tyne	catchment	and	has	
shown	that:		















decreasing	 in	 porewater	 during	 increasing	 redox	 potential.	 Copper	 generally	 showed	 the	










Pb	by	soils	2,	6,	7	and	8.	Therefore,	 these	soils	present	a	greater	 risk	of	 increases	of	PHE	
exposure	to	humans.		
7.3	Flooding	induced	change	in	the	solid	phase	distribution	of	PHEs	
The	 results	of	 this	 study	 suggest	 redox	 induced	 change	occurs	during	wetting	 and	drying	
events,	even	during	short	term	wetting	and	drying	events	such	as	those	in	this	study.	Broad	
scale	 changes	 in	 the	 solid	 phase	 distribution	 of	 PHEs	 varied	 between	 soils.	 For	 arsenic,	































































































between	 the	 PHEs	 and	 the	 effect	 of	 sediment	 dilution	 below	 the	 North	 and	 South	 Tyne	
confluence,	resulting	in	an	area	of	lower	PHE	bioaccessibility.	Broad	spatial	patterns	of	PHE	
bioaccessibility	 showed	 higher	 bioaccessible	 concentrations	 in	 the	 upper	 reaches	 of	 the	
South	Tyne,	and	lower	concentrations	in	the	lower	reaches,	with	various	local	hotspots	 in	
between.	Mobilisation	into	overlying	waters	was	generally	low	for	the	soils,	and	As	and	Cu	






similar	 approach	 was	 used	 by	 Wragg	 et	 al.,	 (2018)	 using	 ISCs	 as	 predictors	 for	 As	
bioaccessibility	as	opposed	to	pseudo-total	element	concentrations.	 It	would	be	expected	
that	the	outcomes	from	model	using	ISCs	and	pseudo-total	concentrations	would	be	similar,	
as	 ISCS	 are	 modelled	 from	 pseudo-total	 concentrations.	 Therefore,	 it	 is	 suggested	 that	
models	are	built	using	both	ISCs	and	pseudo-total	concentrations,	and	the	better	performing	
model	selected	for	the	work	required.		
This	work	has	 shown	 that	using	a	 selection	of	geochemical	 characterisation	 tools	 such	as	
bioaccessibility	testing,	the	CISED	methodology	and	the	determination	of	ISCs	can	provide	












model	 outline	 in	 Chapter	 6	 could	 be	 used	 to	 determine	 the	 areas	 within	 the	 second	
catchment	that	undergo	the	greatest	change	in	flooding	induced	change	in	bioaccessibility.	
The	 required	 spatial	 elemental	 data	 would	 either	 need	 to	 be	 acquired	 through	 spatial	
sampling	and	physicochemical	characterisation	or	by	using	a	pre-existing	dataset	such	as	the	















values.	 This	 is	 because	 of	 the	 propagation	 of	 error	 throughout	 the	 sequential	 extraction	
procedure	and	subsequent	chemometric	modelling.		
Interaction	effects	between	the	differing	PHEs	were	not	accounted	for	in	this	study,	as	this	


























• Investigate	 the	 effects	 of	 interaction	 effects	 between	 PHEs	 on	 mobility	 and	
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Look for Max (Fraction of the points the same within error)
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0
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Look for Min(Average absolute diffrences)
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Look for Max (Fraction of the points the same within error)




Look for Min(Average absolute diffrences)
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Look for Max (Fraction of the points the same within error)




Look for Min(Average absolute diffrences)
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Al	 As	 Ca	 Cd	 Co	 Cr	 Cu	 Fe	 K	 Li	 Mn	 Na	 Ni	 P	 Pb	 S	 Si	 V	 Zn	
7494	 3.56	 6159	 1.84	 3.43	 14.09	 20.00	 9521	 825	 82.0	 360	 67.4	 1.98	 1270	 249	 963	 0.09	 18.1	 277	
6485	 6.06	 1941	 2.82	 8.94	 15.39	 15.69	 23234	 430	 165	 1237	 73.1	 3.54	 766	 259	 434	 0.61	 20.0	 218	
8390	 12.8	 9321	 7.11	 9.98	 13.84	 34.01	 20216	 1297	 158	 1111	 85.0	 5.34	 668	 1369	 861	 5.12	 21.5	 1711	
7328	 9.97	 6837	 6.69	 8.20	 12.13	 27.42	 17452	 688	 131	 939	 60.4	 5.53	 638	 888	 715	 4.40	 16.9	 1404	
6010	 8.08	 8346	 4.94	 8.69	 10.32	 30.31	 17350	 828	 130	 895	 76.4	 6.35	 254	 749	 667	 3.97	 11.9	 1214	
9443	 8.54	 4491	 2.31	 10.4	 18.51	 38.79	 20385	 663	 164	 1070	 89.1	 6.79	 1084	 102	 762	 0.16	 30.0	 144	
7819	 13.8	 9414	 13.1	 9.85	 12.40	 53.61	 19571	 1225	 150	 1213	 59.8	 5.95	 332	 1547	 1133	 8.81	 14.8	 3558	
8442	 7.04	 10595	 5.31	 9.05	 14.12	 30.17	 18791	 1083	 146	 861	 74.7	 5.77	 524	 768	 873	 7.07	 19.8	 1261	
11130	 6.76	 4106	 2.59	 7.86	 19.84	 34.51	 20182	 640	 156	 387	 67.9	 4.84	 669	 205	 589	 0.88	 32.5	 221	
8121	 5.35	 5325	 3.03	 7.12	 13.76	 27.41	 12031	 663	 104	 362	 79.9	 8.22	 368	 446	 580	 1.02	 19.0	 656	
5348	 5.36	 6950	 3.72	 7.72	 9.59	 16.35	 17011	 661	 127	 693	 57.9	 4.72	 254	 440	 722	 5.41	 11.7	 785	
4179	 3.24	 7292	 2.57	 7.21	 9.04	 15.25	 14386	 561	 105	 507	 82.3	 5.03	 270	 231	 1290	 1.11	 10.2	 427	
6613	 6.00	 7952	 4.74	 9.47	 11.58	 22.05	 16931	 860	 134	 906	 69.1	 6.71	 389	 565	 998	 3.61	 13.6	 1020	
6305	 4.53	 6084	 4.09	 8.16	 11.24	 20.03	 16326	 849	 121	 697	 63.7	 5.83	 394	 634	 631	 3.03	 13.9	 810	
6890	 4.81	 4115	 1.88	 7.79	 12.59	 28.58	 14964	 533	 110	 552	 125	 4.75	 569	 129	 572	 0.10	 19.7	 124	
7087	 5.20	 6211	 4.68	 10.4	 13.37	 20.68	 18554	 852	 141	 917	 50.7	 8.02	 389	 488	 853	 2.25	 15.5	 908	
3771	 2.66	 4267	 2.16	 5.79	 8.35	 13.5	 12986	 464	 88.4	 519	 66.3	 4.39	 309	 176	 510	 0.36	 9.75	 306	
2061	 2.79	 2666	 2.00	 5.33	 5.96	 11.08	 2629	 178	 29.4	 620	 46.2	 4.00	 40.1	 1986	 508	 58.2	 1.82	 563	
3601	 2.78	 8932	 23.4	 14.2	 4.50	 37.8	 2368	 264	 38.6	 1756	 66.7	 18.1	 9.57	 1956	 987	 34.7	 2.18	 7281	





3940	 2.83	 6198	 2.76	 7.21	 4.58	 11.2	 2594	 298	 37.0	 770	 59.1	 10.6	 26.3	 511	 454	 92.7	 2.45	 980	
3620	 0.60	 2575	 0.87	 0.25	 6.10	 6.4	 2776	 313	 31.7	 553	 56.5	 5.65	 79.4	 104	 282	 134	 2.77	 159	
3855	 3.01	 2505	 1.02	 6.02	 8.09	 12.4	 2549	 371	 32.3	 736	 72.3	 8.19	 53.9	 167	 426	 79.3	 3.12	 280	
3609	 2.53	 4399	 0.58	 6.14	 5.32	 11.2	 2482	 432	 37.1	 555	 62.2	 8.10	 88.4	 85.4	 310	 60.0	 3.41	 64.2	
	
	
